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A B S T R A C T
A  d is p la c e m e n t s e r ie s  l is te d  in  the o rd e r  o f d e c re a s in g  re d u c t io n  
p o te n t ia l,  L i ,  R b, C s, K , N a, M g, N H 3 , Ca, S r, E u -E u +2 , Y b, Ba,
Sm , B e , Y , L a , P r ,  N d, Gd, I " ,  B r ' ,  A l,  C r - C r +2 , M n, F e , Z n , Co, 
Y b +2 -Y b +3 , C u -C u +1 , N i, Cd, Sn+2 -Sn+4 , C r+ 2 - C r + 3 , E u + 2 -E u + 3 , 
Cu+ 1 -C u + 2 , F e + 2 -F e + 3 , P b , H , A g , H g -H g +1 , Hg+ 1 -H g+ 2 , I +1, S 0 2 , 
M n 0 4  ", Ce+ 3 -C e + 4 , B r +1, C l+ 4 , Ag"l"^-A g"1"^, N 2 O 5  is  g iven . F ro m  a 
ta b le  o f s o lu b i l i t ie s  w ith  401 e n tr ie s  l is t in g  com pounds o f m o s t o f the 
e le m e n ts  in  the p e r io d ic  tab le , these  ru le s  w e re  fo rm u la te d : (1 ) the
s o lu b i l i t y  o f in o rg a n ic  s a lts  and s tro n g  bases is  lo w e r  in  a c e to n it r i le  
than  in  w a te r; (2 ) the m o s t so lu b le  an ions a re  p o ly h a lid e , p e rc h lo ra te ,  
io d id e , th io c y a n a te  and, to  a le s s e r  e x te n t, n it ra te ;  (3) the  m o s t so lu b le  
ca tio n s  a re  s i lv e r  (I) , co p p e r (I), c h ro m iu m  ( I I I) ,  the  ra re  e a rth s  ( III)  and 
l ith iu m ( I) ;  (4) o x id e s , s u lf id e s , s u lfa te s  and phosphates a re  g e n e ra lly  
in s o lu b le ; (5) the s o lu b i l i ty  o f L e w is  a c id s  and p ro to n ic  a c id s  is  h ig h  
because o f the s l ig h t  b a s ic  n a tu re  o f the so lve n t; (6 ) w hen o rg a n ic
iii
T - m iv
m o le c u le s  fo rm  an a p p re c ia b le  p o r t io n  o f the c a tio n  o r  anion, the s o lu ­
b i l i t y  o f the s a lt  is  dependent la rg e ly  upon the o rg a n ic  fu n c tio n a l g roup  
r a th e r  than  the in o rg a n ic  ion ; (7) p o ly h a lid e  and h a lid e  com p le xe s  a re  
the m o s t s o lu b le  and cyan ide  com p le xe s  the le a s t; (8 ) m e ta l a ce ta te s , 
O xalates, a rs e n a te s , and o th e r m e ta l s a lts  o f w eak o x y -a c id s  a re  
g e n e ra lly  in s o lu b le .
A  re la t io n s h ip  be tw een an ions and th e ir  r e la t iv e  c o n d u c tiv it ie s  
w as d is c o v e re d  th a t can be d is cu sse d  in  te rm s  o f e le c t ro ly te  b e h a v io r.
(1) P e rc h lo ra te s , io d id e s , n it ra te s ,  p o lyh a lid e s , and th io c y a n a te s  o f 
n o n co m p ie x in g  m e ta l ions  a re  s tro n g  o r  m o d e ra te ly  s tro n g  e le c tro ly te s .
(2) C h lo r id e s , b ro m id e s , and cya n ides  o f n o n co m p ie x in g  m e ta l ions  a re  
w eak e le c t ro ly te s .  (3) C o m p le x in g  m e ta l ion s  fo rm  w eak e le c tro ly te s  
w ith  C IO 4 “ , N O 3 ~, I " ,  S C N ” and a re  v e ry  s tro n g ly  a sso c ia te d  w ith  C l ” , 
B r~  and CN~. (4) O x id e s , h y d ro x id e s , s u lf id e s , s u lfa te s , a ce ta te s , 
p ic ra te s  and o th e r  o x y -a c id  s a lts  o f m e ta ls  a re  s tro n g  e le c t ro ly te s , 
a lth o u g h  g e n e ra lly  in s o lu b le . (5) A i l  h ig h ly  so lu b le  s a lts  a re  w eak o r  
m o d e ra te ly  w eak e le c t ro ly te s .  (6 ) C o n d u c tiv ity  m e a su re m e n ts  on 
h a logen , p ro to n ic  a c id , in te rh a lo g e n , pseudohaiogen, and L e w is  ac id s  
show  a s tro n g  t im e  dependence im p ly in g  a v e ry  s lo w  io n iz a tio n .
P o te n tio m e try , s p e c tro p h o to m e try , p o la ro g ra p h y , c o n d u c tiv ity , 
v o lta m m e try  and e le c t ro ly s is  a re  d iscu sse d  as a n a ly t ic a l te ch n iq u e s . 
P o te n t io m e try , v o lta m m e try  and e le c t ro ly s is  a re  a lso  d is cu sse d  as
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te ch n iq u e s  fo r  the  p re p a ra t io n  o f anhyd rous  in o rg a n ic  saLts and s o lu t io n s  
o f m e ta l s a lts  w ith  unusua l o x id a tio n  s ta te s .
A c e to n it r i le  is  shown to  be a u se fu l s o lv e n t in  w h ich  to  s tu d y  in o r ­
ga n ic  re a c tio n s  because o f i t s  extended range  fo r  e le c t r ic a l  m e a su re m e n ts  
as w e ll as i ts  c h e m ic a l in e r tn e s s  to  p ro to n  a b s tra c tio n  and re s is ta n c e  to  
o x id a tio n  and re d u c tio n .
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IN T R O D U C T IO N
In  any a tte m p t to  u n de rs ta n d  m o re  fu l ly  the c h e m is t ry  o f in o rg a n ic  
com pounds in  s o lu t io n  i t  is  n e c e s s a ry  f i r s t  to  know  the ro le  p la ye d  by  
the s o lv e n t. F o r  any new nonaqueous s o lv e n t to  be u s e fu l in  such  an 
in v e s t ig a t io n  i t  m u s t com b ine  m o s t o f the va luab le  p ro p e r t ie s  o f s e v e ra l 
typ e s  o f nonaqueous s o lve n ts  and e lim in a te  som e o f th e ir  le ss  d e s ira b le  
a sp ec ts . A c e to n it r i le  f i l l s  th is  ro le  a d m ira b ly .
A c e to n it r i le ,  a l iq u id  a t ro o m  te m p e ra tu re , is  s im i la r  to  w a te r , 
e th y l a lco h o l, and acetone in  i ts  la rg e  liq u id  range  (f. p. “ 41°C., b. p.
81. 6 °Q ). H o w e ve r, u n lik e  w a te r , e th y l a lco h o l,a n d  a m m o n ia , a c e to n i­
t r i l e  is  no t a sso c ia te d  o r  io n iz e d  and thus  is  le ss  l ik e ly  to  be in v o lv e d  
in  s o lv o ly t ic  re a c tio n s . A c e to n it r i le  d e m o n s tra te s  bo th  a c id ic  and b a s ic  
p ro p e r t ie s ,  bu t i t  is  a w e a ke r base and a m uch  w e a ke r a c id  than  w a te r  
o r  a m m o n ia . F u r th e rm o re ,  a c e to n it r i le  shou ld  be a good s o lv e n t fo r  
b o th  o rg a n ic  and in o rg a n ic  com pounds: i t  has a d ie le c t r ic  co n s tan t o f 
38 a t 25°C . w h ic h  is  be tw een th a t o f w a te r  (87 a t 25°C.) and a m m o n ia
1
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(17 a t 20°C ); and, b e in g  a w eak L e w is  base, i t  a id s  s o lu t io n  o f s a lts  by- 
e n te r in g  the c o o rd in a tio n  sph e re  o f the ca tio n . Because i t  re s is ts  o x i­
d a tio n  and re d u c t io n  to  a g re a te r  e x te n t than  w a te r , e th y l a lc o h o l and 
benzene, a c e to n it r i le  is  a b e tte r  s o lv e n t in  w h ich  to  s tu d y  o x id a tio n -  
re d u c t io n  and c o m p le x in g  re a c tio n s  e le c t r ic a l ly .  W hen p u re , a c e to n i­
t r i l e  is  c o lo r le s s , i t  has a s u ita b le  low  v is c o s ity  (0 . 345 c. p. a t 2 5 °CD, 
i ts  o d o r is  s l ig h t  and u n o b je c tio n a b le  and i t  can be b re a th e d  in  m o d e ra te  
am oun ts  w ith o u t in ju r y .  F in a lly ,  p u r if ic a t io n  and d e h y d ra tio n  a re  
s im p le  te ch n iq u e s .
The use o f a c e to n it r i le  as a s o lv e n t fo r  in o rg a n ic  re a c tio n s  is  not 
new. P o la ro g ra p h y , v o lta m m e try ,  p o te n t io m e try , s p e c tro p h o to m e try , 
conductance , io n  exchange, and the usu a l a n a ly t ic a l m ethods have been 
used w ith  v a ry in g  am oun ts  o f success .
I t  was the p u rpo se  o f th is  in v e s t ig a t io n  to  com b ine  the a v a ila b le  
data  and to  extend s tu d ie s  in  the above a re a s , w h e re  needed, u n t i l  an 
e v a lu a tio n  o f the  l im ita t io n s  o f a c e to n it r i le  as a s o lv e n t fo r  in o rg a n ic  
re a c tio n s  cou ld  be ob ta ined .
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P A R T  I
S O L U B IL IT Y  O F  IN O R G A N IC  COM PO UNDS IN  A C E T O N IT R IL E
In tro d u c t io n
S izeab le  e x is t in g  c o n tr ib u t io n s  o f s o lu b i l i ty  and c o n d u c t iv ity  data
fo rm  o n ly  a w eak b a s is  fo r  u n d e rs ta n d in g  the  ro le  a c e to n it r i le  p la ys  as
a s o lv e n t. N a u m a n n ^  was the f i r s t  in v e s t ig a to r  to  re p o r t  any q u a n tity
7 4o f s o lu b i l i ty  and re a c t io n  da ta  in  a c e to n it r i le .  W alden and B i r r  c o m ­
b ined  s o lu b i l i t y  and c o n d u c t iv ity  m e a su re m e n ts  on th i r t y - f iv e  com pounds
d is s o lv e d  in  a c e to n it r i le  and d e m o n s tra te d  th a t s tro n g , m o d e ra te ly
4  5s tro n g  and w eak e le c t ro ly te s  e x is te d . P a u lo p o u lo s  and S tre h io w  co n ­
t r ib u te d  a v e ry  fin e  s tu d y  on the s o lu b i l i ty  o f the  a lk a l i  h a lid e s .
K o lth o f f  and C o e tz e e ^ ’ 33, 34 macj e a s e r ie s  o f g e n e ra liz a tio n s  in  th e ir  
p a p e rs  on p o la ro g ra p h y  and s o lu b i l i ty  in  a c e to n it r i le .
A  re v ie w  o f a l l  s o lu b i l i ty  da ta  in  the  l i te r a tu r e  shows th a t th e re  
a re  com pounds m is s in g  f r o m  m any o f the s o lu b i l i ty  s e r ie s ; f u r th e r ­
m o re , w hen d u p lic a t io n  o f re s u lts  a re  a v a ila b le , th e y  s e ld o m  ag ree .
A  s o lu b i l i t y  s tu d y  was u n de rta ke n  to  f i l l  these  gaps and to  re s o lv e
3
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c o n f l ic t in g  data . O f the  fo u r-h u n d re d -o n e  e n tr ie s  in  T a b le  I,  one- 
h u n d re d - f if ty  g r a v im e tr ic  and s ix ty - f iv ©  q u a lita t iv e  d e te rm in a tio n s  
w e re  m ade to  th is  end.
The ta b le  o f s o lu b i l i t ie s ,  T a b le  I,  is  b ro ke n  in to  s u b -ta b le s  
c o n s is t in g  o f an o rd e r  s im i la r  to  an "opened u p " p e r io d ic  c h a rt. The 
f i r s t  p a r t  l is ts  s u b s titu te d  and u n s u b s titu te d  a m m o n iu m  s a lts . The 
second p a r t  l is t s  the a lk a l i  m e ta l s a lts , the th ir d  p a r t  the a lk a lin e  
e a r th  s a lts  o r  the second m a in  fa m ily .  The fo u r th  s e c tio n  con ta ins  
the th i r d  s u b - fa m ily  and ra re  e a r th  s e r ie s ,  and then  p ro cee d s  w ith  the 
re m a in in g  s u b - fa m il ie s  o rd e re d  as a re  the f i r s t  ro w  t ra n s it io n  m e ta ls .
In  the f i f t h ,  s ix th , seven th  and e ig h th  s e c tio n s  the e le m e n ts  a re  r e p r e ­
sen ted  in  com pounds b o th  as c a tio n  and as an ions . The ra re  gases a re  
g e n e ra lly  in s o lu b le  and a re  not in c lu d e d  in  the ta b le .
In  T a b le  I ,  s e v e ra l conven tions  have been adopted fo r  s im p li f ic a t io n  
and c la r i t y .  A n io n s  w h ich  a re  cha rge d  o rg a n ic  m o le c u le s  a re  sp e lle d  
ou t r a th e r  th an  re p re s e n te d  by fo rm u la e ; fo r  e xa m p le , p ic ra te  is  used 
r a th e r  than  C gH gN gO ^- . The te t r a - ,  t r i - ,  d i -  and m o n o su b s titu te d  
a Ik y  la m m o n iu m  ions  have th e ir  o rg a n ic  s t ru c tu re  a b b re v ia te d  in  s p e llin g ; 
fo r  e xa m p le , B u 4 N + is  used fo r  te tra b u ty la m m o n iu m  ion . W here  re p o r te d  
o r  o b se rve d , the  c o lo rs  in  the " C o lo r  in  S o lu tio n "  c o lu m n  a re  g iven . 
H o w e ve r, a b la n k  in  the "C o lo r  o f S o lu tio n "  co lu m n  is  no guaran tee  th a t 
the s o lu t io n  w i l l  be c o lo r le s s . The p lu se s  and dashes in  the " S o lu b il i ty "
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c o lu m n  a re  a q u ic k  re fe re n c e  and c o n fo rm  to  the fo llo w in g : (a) "+ + "
re p re s e n ts  those  com pounds w h ic h  a re  q u ite  so lu b le , th a t is ,  d is s o lv e  
in  q u a n tit ie s  g re a te r  than  f iv e  w e ig h t p e rc e n t, (b) "+ "  is  the code fo r  
com pounds re p o r te d  as so lu b le  o r  w h ic h  d is s o lv e  in  the range  o f g re a te r  
than  one te n th  w e ig h t p e rc e n t, but less  than  f iv e  w e ig h t p e rc e n t, (c) M- "  
is  used fo r  s l ig h t ly  so lu b le  com pounds, and (d) fo r  in s o lu b le  o r
v e ry  s l ig h t ly  s o lu b le  com pounds.
The n u m b e rs  in  the c o n tr ib u to r  c o lu m n  r e fe r  to  the  re fe re n c e s  
in  the  b ib lio g ra p h y  f r o m  w h ic h  the  in fo rm a t io n  was taken . F o r  a l l  cases 
in  w h ic h  a w e ig h t p e rc e n t is  g ive n , the f i r s t  re fe re n c e  in  th a t lin e  is  the 
one f r o m  w h ic h  the  d a tu m  was taken , " X "  is  used b e fo re  a s e r ie s  o f 
re fe re n c e  n u m b e rs  w hen the  g r a v im e tr ic  d e te rm in a t io n  is  th a t o f the 
a u th o r. A  b la n k  in  the " C o n tr ib u to r "  co lu m n  re fe r s  to  o b s e rv a tio n s  
m ade in  th is  la b o ra to ry ; the  " * "  re p re s e n ts  p re v io u s ly  unpub lished  
da ta  f r o m  the  w o rk  o f H a ll  and L u e h rs  done a t M ic h ig a n  State U n iv e rs ity .
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E x p e r im e n ta l
To  a 50 m l. -Erienmeyer f la s k  w e re  added a p p ro x im a te ly  2 grams 
o f s a lt  and 10 m l. o f a c e to n it r i le .  The f la s k  was s to p p e re d  w ith  a c o rk , 
p la ce d  in  a t r a y ,  s to re d  in  an in d ir e c t ly  lig h te d  a re a , kep t a t 27°Q+1°C., 
and a g ita te d  fo r  15 m in u te s  tw ic e  a day. A f te r  1 0  days e q u i l ib r iu m  was 
co n s id e re d  to  be e s ta b lis h e d .
The re a g e n t s a lts  used in  the s o lu b i l i ty  d e te rm in a tio n s  w e re  
g e n e ra lly  ACS R eagent G rade and re c e iv e d  no p u r if ic a t io n  o r  d ry in g  
p r io r  to  use. W henever p o s s ib le , the sa m p le s  w e re  ta ke n  f ro m  p r e ­
v io u s ly  unopened c o n ta in e rs .
S a m p lin g  o f the s a tu ra te d  s o lu t io n  was a cc o m p lis h e d  w ith  a 2 m l.
j
v o lu m e tr ic  p ip e tte . The 2 m i. sa m p le  o f s a tu ra te d  s o lu t io n  w as p laced  
on a w e ighed  w a tch  g la ss  and a llo w e d  to  d ry  in  a c u r re n t  o f w a rm  a i r  
fo r  4 h o u rs . A l l  sa m p le s  th a t had no t d r ie d , o r  w h ic h  had absorbed  
m o is tu re , w e re  d r ie d  in  a d ry in g  oven a t 8 7 °C .fo r  4 h o u rs  and s to re d  
o v e r ^ 2 ^ 5  *n a d e s ic c a to r  to  coo l b e fo re  w e ig h in g .
The w e ig h in g s  w e re  done on a M e t t le r  a n a ly t ic a l ba lance to  
- 0. 1 m g. One b la n k  was c a r r ie d  th ro u g h  fo r  each 20 sa m p le s . The 
m a x im u m  change in  w e ig h t fo r  a c o n tro l was +0 . 1 m g.
The s o lv e n t was p u r if ie d  by an accepted  t e c h n i q u e ^ ’ . In to  
a 1 - l i t e r  f la s k  w e re  added a p p ro x im a te ly  750 m l. o f a c e to n it r i le  and 
20 g ra m s  o f P 2 O 5 . The m ix tu re  was re f lu x e d  fo r  4 to  6 h o u rs  b e fo re
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be in g  ra p id ly  d is t i l le d .  The d is t i l la te  was p laced  in  a n o th e r l i t e r  f la s k  
w ith  20 g ra m s  o f P 2 O 5  and d is t i l le d  a t the ra te  o f a p p ro x im a te ly  1. 5 
m l. / m in . ; c o lle c t in g  the c e n tra l 90% p o r t io n  b o il in g  a t 72. 8 °C .a t 626 
m m . Hg. The p u r if ie d  s o lv e n t was s to re d  in  a t ig h t ly  s to p p e re d  4 - l i t e r  
f la t-b o tto m e d  f la s k . A c e to n it r i le  so p u r if ie d  has a s p e c if ic  c o n d u c tiv ity  
o f 10” ® m h o s /c m .
D is c u s s io n
C lose  e x a m in a tio n  o f T a b le  I  re v e a ls  s e v e ra l g e n e ra liz a tio n s  o r  
" r u le s ”  o f s o lu b i l i ty  o f in o rg a n ic  com pounds in  a c e to n it r i le .
1. The s o lu b i l i ty  o f in o rg a n ic  s a lts  and s tro n g  bases is  
g e n e ra lly  lo w e r  in  a c e to n it r i le  than  in  w a te r.
2. The m o s t so lu b le  an ions a re  p o ly h a iid e , p e rc h lo ra te ,  
io d id e , th io c y a n a te  and, to  a le s s e r  e x te n t, n it ra te .
3. The m o s t s o lu b le  ca tio n s  a re  s i lv e r  (I), co p pe r (I), 
c h ro m iu m  (H I), the r a re  e a rth s  ( III)  and l ith iu m ( I) .
4. O x id e s , s u lf id e s , s u lfa te s  and phosphatesare  g e n e ra lly  
in s o lu b le .
5. The s o lu b i l i ty  o f L e w is  ac id s  and o f p ro to n ic  a c id s  is  
h ig h  because o f the  s l ig h t ly  b a s ic  n a tu re  o f the  s o lve n t.
In  som e cases, h o w e ve r, a c id  s o lva te s  p re c ip ita te  w hen 
the  a c id  c o n c e n tra t io n  becom es too  h igh .
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6 . W hen o rg a n ic  m o le c u le s  fo rm  an a p p re c ia b le  p o r t io n  
o£ the c a tio n  o r  an ion , such  as te tra b u ty la m m o n iu m  o r
i
p ic ra te  io n s , the e p lu b il i ty  o f the s a lt  is  dependent 
la rg e ly  upon the s o lu b i l i ty  o f the o rg a n ic  fu n c tio n a l 
g ro up  ra th e r  than  the in o rg a n ic  ion . T h is  is  o b se rve d  
w hen the s o lu b i l i t ie s  o f the a m m o n iu m  and te t r a b u ty l­
a m m o n iu m  h a lid e s  o r  the m e ta l p ic ra te s  and m e ta l 
p e rc h lo ra te s  a re  co m pared .
7. S e ve ra l s l ig h t ly  s o lu b le  com pounds can be b ro u g h t in to  
s o lu t io n  by c o m p le x a tio n ; p o ly h a lid e  and h a lid e  co m p lexes  
•are - the m o s t com m on. The s l ig h t ly  so lu b le  a lk a l i  m e ta l 
h a lid e s  can be m ade m o re  so lu b le  by a fa c to r  o f 1 0  by 
p o ly h a lid e  co m p le x a tio n . The r e la t iv e ly  in s o lu b le  s i lv e r  
h a lid e s  can be m ade m o re  s o lu b le  by  e ith e r  h a lid e  o r  p o ly -  
h a lid e  co m p le x  fo rm a tio n . B u t, on the o th e r hand, cyan ide  
io n  o fte n  causes p re c ip ita t io n  o f so lu b le  com pounds; fo r  
exa m p le  the n ic k e l( I I )  and i r o n  ( III)  s a lts .
8 . M e ta l a ce ta te s , o x a la te s , a rs e n a te s , and o th e r m e ta l s a lts  
o f w eak o x y -a c id s  appea r to  be in s o lu b le .
The above l is t  o f o b s e rv a tio n s  is  an im p ro v e m e n t on the g e n e ra l
33s ta te m e n t by K o lth o f f  and C oetzee , w h ich  c o v e rs  o n ly  the an ions o x id e , 
s u lf id e , s u lfa te , io d id e , n it ra te ,  p e rc h lo ra te ,a n d  th io cya n a te .
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T a b le  I I  g ives  a fu r th e r  g e n e ra liz a tio n  on the m agn itude  o f s o lu ­
b i l i t y  o f s a lts  in  m a in  fa m il ie s  o f the p e r io d ic  c h a rt. In  the e xam p le  
chosen  th e re  is  a d e c re a s in g  s o lu b i l i ty  w ith  in c re a s in g  ra d iu s  o f the  
c a tio n . T h is  re la t io n s h ip  ho lds  tru e  fo r  s a lts  w ith  m o s t an ions .
T a b le  I I I  re -e m p h a s iz e s  th is  p o in t and a lso  show s an in c re a s in g  s o lu ­
b i l i t y  w ith  in c re a s in g  ra d iu s  fo r  an ions . H o w e ve r, w hen ions  o f the  
sam e ch a rg e , b u t o f d if fe re n t  fa m il ie s  o r  s u b fa m ilie s , a re  c o n s id e re d  
to g e th e r , i t  is  a p p a re n t th a t c h a rg e - to - ra d iu s  r a t io  is  no t the  o n ly  
e ffe c t c o n tro ll in g  the s o lu b i l i ty .  The a b i l i t y  o f the  t ra n s it io n  and r a re
e a r th  m e ta l io n s  to  fo rm  co m p le xe s  w ith  the  s o lv e n t is  noted f r o m
_ | _ 0  _ | _ 0
th e ir  enhanced s o lu b i l i t ie s  (see C r  and L a  ).
T A B L E  I I
S O L U B IL IT Y  VERSUS C HAR G E T O  R AD IU S R A T IO  
S a lt L i l  N a l K I  R b l N H 4 I  C a l Bu4N I
S o lu b il i ty  in
g m /lO O g m  A cN  154 24 .3  2. 11 1. 62 1. 58 0 . 9 9  4. 71
C a tio n
R ad ius in  R  0 . 6 0  0 . 9 5  1 .33  1 .48  1 .4 8  1 . 6 9  ?
C a tio n  C harge
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The s o lu b i l i ty  va lu es  re p o r te d  in  T ab le  I  a re  s u b je c t to  tw o  e r r o r s :
(1 ) a c e to n it r i le  o f s o lv a t io n , and (2 ) w a te r b ro u g h t in to  s o lu t io n  b y  the 
d is s o lv in g  s a lt . F o r  e xa m p le , s i lv e r  (I) io n  p re fe rs  to  com e out o f s o lu t io n  
w ith  fo u r ,  o r  tw o  m o le c u le s  o f a c e to n it r i le ,  and m a g ne s iu m  ions  c a r r y  in to  
s o lu t io n  s ix  m o le c u le s  o f w a te r . I t  is  not a lw ays  easy to  re m o ve  s o lv e n t o f 
h y d ra t io n  o r  to  fin d  the  n u m b e r o f so lve n t m o le c u le s  he ld  in  a c ry s ta l.  H ow ­
e v e r, s in ce  a c e to n it r i le  is  a w e a ke r base than  w a te r , the s o lv e n t m ay be 
m o re  e a s ily  re m o ve d  than  w a te r  fo r  som e s a lts ; bu t, the m o n o -s o lv a te  o f 
b o ro n  t r i f lu o r id e  fo r  e xa m p le , can be d is t i l le d  w ith o u t lo ss  o f the  s o lv e n t^ . 
H ence, som e a b n o rm a l re s u lts  w ith in  a s e r ie s  o f com pounds m ay be due to
th is  e r r o r .  No p re c a u tio n s  w e re  taken  to  e lim in a te  a c e to n it r i le  o f s o lv a -
40tio n  b e fo re  w e ig h in g . M iya ke  , in  h is  p a p e r on the f lu c tu a tio n s  o f s o lu ­
b i l i t y  va lu e s  fo r  in o rg a n ic  s a lt -o rg a n ic  s o lv e n t s y s te m s , shows th a t e ith e r  
la rg e  in c re a s e s  o r  s l ig h t  d e c re a se s  in  the s o lu b i l i ty  va lu es  fo r  a l l  ions  
s tu d ie d  o c c u rre d  w hen tra c e  o r  la rg e r  am oun ts  o f w a te r  w e re  added to  the 
s y s te m s . He d id  not use a c e to n it r i le  as one o f h is  s o lv e n ts . M any w o rk e rs
have noted changes in  s o lu b i l i ty  w hen la rg e  am ounts  o f w a te r  w e re  p re se n t;
5, 20, 30, 44, 6 8 , 76.
The r e la t iv e ly  s im p le  te ch n iqu e  used to  o b ta in  the s o lu b i l i ty  da ta  
p ro v e d  to  be s u f f ic ie n t ly  a c c u ra te  ( -3.  5%) to  ag ree  w ith  87% o f the l is te d  
da ta . E s p e c ia lly  good a g re e m e n t ( t i% )  w ith  the v e ry  a cc u ra te  s tud y  o f 
P a u lo p o u lo s  and S t re h lo w ^ in d ic a te  th a t the tw o  m ethods a re  n e a r ly  e q u i ^  
v a le n t fo r  the a lk a l i  h a lid e s  and o th e r  n o n h yg ro sco p ic , e a s ily -d r ie d  s a lts .
The g re a te s t d if fe re n c e s  (300%) cam e when a range  o f va lues  w e re
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re p o rte d ; fo r  e xa m p le , so d iu m  and p o ta s s iu m  io d id e s .
In  g e n e ra l th e re  is  no d ir e c t  co rresp o n d en ce  be tw een s o lu b i l i ty  
and e le c t ro ly te  s tre n g th  in  a c e to n it r i le .  W alden and B i r r ^  s ta te  th a t 
s a lts  o f the te t ra -a lk y la te d  a m m o n iu m  bases, s i lv e r  and p o ta s s iu m  
p ic ra te s ,  s i lv e r  p e rc h lo ra te  and p o ta s s iu m  io d id e  a re  h ig h ly  d is s o c ia te d  
s a lts ; th a t c h lo r id e s  o f in c o m p le te ly —s u b s titu te d  a m m o n iu m  bases a re  
w e a k ly  d is s o c ia te d  s a lts ; and th a t p ic ra te s , b ro m id e s  and io d id e s  o f 
in co m p le te ly * -su b s titu te d  a m m o n iu m  com pounds, as w e ll as l i th iu m  and 
so d iu m  p ic ra te s  and s i lv e r  n it r a te ,  a re  m o d e ra te ly  s tro n g ly  d is s o c ia te d  
in  s o lu t io n s  o f 10 "^  m o la r  o r  le s s . K o lth o f f  and C o e t z e e ^ ’ ^  ag ree  
w he re  re s u lts  w e re  d u p lic a te d , and add th a t a lu m in u m  t r ic h lo r id e  and 
c e r iu m ( I I I )  n it ra te  a re  w eak e le c t ro ly te s .
The ru le s  concea led  in  the a v a ila b le  data  becam e c le a r  o n ly  a f te r  
a th o ro u g h  in v e s t ig a tio n  o f the l i te r a tu r e  had been m ade. The re la t io n s h ip s  
d is c o v e re d  fo llo w :
(1) P e rc h lo ra te s , io d id e s , n it ra te s ,  p o ly h a lid e s  and th io cya n a te s  
o f n o n co m p le x in g  m e ta l ion s  w i l l  be s tro n g  o r  m o d e ra te ly  
s tro n g  e le c tro ly te s  in  s o lu tio n .
(2) C h lo r id e s , b ro m id e s  and cyan ides  o f n o n co m p le x in g  m e ta l 
ions  w i l l  be aareak e le c t ro ly te s  in  s o lu t io n .
(3) C o m p ie x in g  m e ta l io n s , as the t r a n s it io n  m e ta ls , fo rm  
w eak e le c tro ly te s  w ith  an ions in  (1) and a re  v e ry  s tro n g ly
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associated w ith those in  (2 ).
(4) O xides, su lfides, hydroxides, su lfates, phosphates, acetates, 
oxalates and other oxy-ac id  salts of m eta l ions w ill  be strong  
e le c tro ly te s , although insoluble o r v e ry  s lig h tly  soluble.
(5) A ll  h ighly soluble salts  a re  weak o r m odera te ly  weak e le c tro ­
lytes.
(6 ) The conductivity m easurem ents on halogens, proton ic  acids, 
Lew is  acids, pseudohaiogens and polyhalogens in  solutions 
show abno rm al, tim e-dependent d issociation.
£  A O ft
Popov, Rygg and She lly*54 and Janz and Danyluk have studied 
so lu tions o f halogens and acids which change conductiv ity  w ith  tim e . The 
increase to a m axim um  conductiv ity  value over a pe riod  o f s ix  weeks in ­
d icates a slow d issoc ia tion  process. A so lu tion  which has reached its  
m axim um  conductiv ity  is  re fe rre d  to as a "m a tu red " so lution. Although 
m ost solutions show on ly s lig h t va ria tion s  in  conductiv ity  a fte r m a tu rity , 
ch lo rine  so lu tions that have been kept fo r  as Long as th ree months show 
a slow# but steady, decrease in  conductiv ity .
In  the cases o f the halogens, in te r  halo gens, pseudohalogens, p ro ­
ton ic  acids, and n itro u s  oxide, p rec ip ita tes  can be obtained fro m  m atured 
so lu tions w hich ac tua lly  conta in solvates o f the ions postulated to  agree 
w ith  the conductance values. F o r  example, HCl so lutions y ie ld  c rys ta ls  
o f Jl[Ae1%  I f ]  which are stable in  a ir  fo r  sho rt periods o f tim e*
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H alogens a re  suspected  o f fo rm in g  [(AcN)g x j  [ x ] ,  bu t the p re s e n t x - r a y  
da ta  can n e ith e r  a rgue  fo r  n o r  a g a in s t th is  h yp o th e s is . The concep t o f a 
s o lva te d  X + io n  w i l l  be used in  the n ex t tw o  p a r ts  o f th is  p a pe r.
S tro n g  L e w is  a c id s  a re  h ig h ly  s o lva te d  by a c e to n it r i le ,  bu t s t i l l  
fo rm  a s m a ll n u m b e r o f io n s . C o n d u c to m e tr ic  and tra n s fe re n c e  m e a s ­
u re m e n ts  o f P C lg  s o lu t io n s  in d ic a te  the  p re se n ce  o f PC i^.+ and P C lg "
io n s . S a lts  b e a r in g  bo th  these  ion s  have been p re p a re d  f r o m  s o lu -  
31 32t io n  ’ , A iC ig ,  on the o th e r  hand, fo rm s  a se t o f ions  p o s tu la te d
to  be A lC l2 + , A1C I++ , A l+++ and C l~ , bu t no (o r v e ry  l i t t le )  A IC I4 ".
4 - 9 0
Y e t A IC I3 w ith  L iC l  fo rm s  A IC I4  and L i  a lm o s t q u a n t it iv e ly
S o lid  s o lv a te s  o f gases l ik e  X 2 , N 2 O4 , N 2 O 5 , SO2 , H X  and
o th e rs  in d ic a te  s tro n g  bonds be tw een  the so lv e n t and the a c id . (F u rth e r
d is c u s s io n  o f c r y s ta l  s o lv a te s  is  found in  P a r t  I I I . ) A  p o in t s t i l l  in
q u e s tio n  is  w hy  N 2 O4  = NO+ + N O 3 " is  q u ite  s o lu b le ^ ’ ^ w he reas
N O C IO 4  = NO+ + C i0 4 ~ is reported  to be in s o lu b le ^ .
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P A R T  I I
A  D IS P L A C E M E N T  SERIES IN  A C E T O N IT R IL E
In tro d u c t io n
A  d is p la c e m e n t s e r ie s  and s o lu b i l i ty  data fo r  a s o lv e n t s ys te m  
fo rm  the b a s ic  to o ls  o f the  c h e m is t. T h e re  a re  s e v e ra l te chn iques  a v a i l ­
ab le  to  one w is h in g  to  b u ild  such  a ta b le . M os t in v e s t ig a to rs  have chosen 
the p o la ro g ra p h  as a s ta r t in g  p o in t fo r  th e ir  s tu d ies  o f the e le c tro m o tiv e  
fo rc e  s e r ie s  in  a c e to n it r i le .  E ve n  though  m any se ts  o f re s u lts  and te c h ­
n iques have been re p o r te d , no tw o  a u th o rs  can ag ree  on a s a t is fa c to ry  
re fe re n c e  p o in t f r o m  w h ich  to  c a lc u la te  E P 's  o f h a lf - c e l l  re a c tio n s .
S ince no "b e s t1' s ta r t in g  p o in t has been accepted , o n ly  the o rd e r in g , o r  
d is p la c e m e n t s e r ie s ,  s h a ll be d is cu sse d  he re .
K o ith o f f  and C o e tz e e ^  g ive  a conc ise  s ta te m e n t o f the fa v o ra b le  
p ro p e r t ie s  o f a c e to n it r i le  as a s o lv e n t fo r  e le c t r ic a l  s tu d ie s :
A c e to n it r i le  is  an in te re s t in g  s o lv e n t f o r  p o la ro -  
g ra p h ic  s tu d ie s . I t  is  a w e a ke r base and a m uch  w ea ke r 
a c id  than  w a te r. Q u ite  g e n e ra lly , th e re fo re , ca tio n s  and 
e s p e c ia lly  an ions have lo w e r  s o lu tio n  e n e rg ie s  in  a c e to n i-  
t i le  than  in  w a te r  e xce p t in  those  cases w he re  th e re  is  a
42
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s p e c if ic  in te ra c t io n  w ith  the so lve n t (as in  the cases o f s i lv e r  
and co p p e r (I) io n s ). Thus m o s t ca tio ns  a re  re duced  a t co n ­
s id e ra b ly  m o re  p o s it iv e  p o te n tia ls  in  a c e to n it r i le  than  in  
w a te r , and an ions w h ic h  d e p o la r iz e  the d ro p p in g  m e rc u ry  
e le c tro d e  a n o d ic a lly  do so a t m o re  nega tive  p o te n tia ls  in  
a c e to n it r i le  than  in  w a te r . M o re o v e r , in  w a te r  as a s o l-  
ve n t, the m o s t nega tive  p o te n tia l w h ic h  can be a tta in e d  at 
the  d ro p p in g  m e rc u ry  e le c tro d e  is  a p p ro x im a te ly  -2 . 3v 
v e rs u s  the s a tu ra te d  c a lo m e l e le c tro d e , w he rea s  in  the le ss  
a c id ic  s o lv e n t a c e to n it r i le  the  u se fu l p o te n tia l range  can be 
extended to  - 2 . 8 v  ( ig n o r in g  the l iq u id  ju n c t io n  p o te n tia ls ) .
Thus c a lc iu m  and m a g n e s iu m  g ive  w e ll-d e f in e d  w aves in  
a c e to n it r i le  bu t no t in  w a te r . "
T a b le  IV  l is t s  the re s u lts  by  in v e s t ig a to r  and by the E 's  m e a su red . 
In s e r te d  in  the  ta b le  a re  re a c tio n s  s tu d ied  c h e m ic a lly  by  th is  re s e a rc h e r .
O O 0 4
Since the va lu e s  re p o r te d  ind e p e n d e n tly  by K o lth o f f  and C oatzee »
a £•
and by L a rs o n  and Iw a m o to  ag ree  so w e ll, the ta b le  is  based on th e ir  
w o rk , a lthou gh  th e ir  p o s it io n  fo r  the  s i lv e r ( I )  io n  was not accepted  because 
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E x p e r im e n ta l
A n a ly s is  o f the  s o lu tio n s  was done in  a cco rdance  w ith  the p r o ­
ce d u re s  d e s c r ib e d  a t len g th  in  P a r t  I I I  o f th is  th e s is .
The re a c tio n s  w e re  ru n  in  te s t tubes o r  in  E rlenm eyer f la s k s  
s to p p e re d  w ith  c o rk s . F o r  the a c tio n  o f o x id a n ts  on m e ta ls , a p ie ce  o f 
p u re  m e ta l was p la ce d  in to  a te s t tube c o n ta in in g  a s o lu t io n  o f the o x i­
dant. A f te r  s ta n d in g  fo r  one w eek the s o lu tio n s  w e re  ana lyzed  in  the 
B e ckm a n  D K~2a s p e c tro p h o to m e te r .
The re d u c tio n s  w e re  s tu d ie d  in  c o rk -s to p p e re d  te s t tubes  co n ­
ta in in g  equa l vo lu m e s  o f s a tu ra te d  re d u c in g  and o x id iz in g  agen ts. The 
s o lu tio n s  w e re  ana lyzed  s p e c tro p h o to m e tr ic a lly  as d e s c r ib e d  in  P a r t  I I I .
D is c u s s io n
The o rd e r in g  o f the  e le m e n ts  in  T a b le  IV  is  m o re  re g u la r  than  
a s im i la r  ta b le  fo r  aqueous s o lu t io n s . The m o s t n o tice a b le  change is  
the  in v e rs io n  o f o rd e r  fo r  the a lk a lin e  e a r th  re d u c t io n  p o te n tia ls .
E x c e p t fo r  b e r y l l iu m  i t  ap pe a rs  th a t the s o lv a t io n  e n e rg y  is  n e g lig ib le  
s in ce  the re d u c t io n  p o te n tia l becom es m o re  p o s it iv e  w ith  in c re a s in g  
io n ic  ra d iu s . The f i r s t  ro w  t ra n s i t io n  m e ta ls  a re  o rd e re d  to  m o re  
p o s it iv e  p o te n tia ls  by d e c re a s in g  io n ic  r a d i i  f r o m  va n a d iu m  to  n ic k e l, 
and th en  the o rd e r  is  re v e rs e d  fo r  co p p e r and z in c .
The s e r ie s  is  based on the va lu e s  found p o la ro g ra p h ic a lly  fo r
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p e rc h lo ra te  s o lu tio n s  because these s o lu tio n s  a re  co n s id e re d  to  be the 
le a s t a sso c ia te d . When da ta  fo r  p e rc h lo ra te  s a lts  w e re  no t a v a ila b le , 
p o s it io n  was chosen f ro m  data  on n it ra te  s o lu tio n s . B o th  co m p le x  f o r ­
m a tio n  and the an ion  p re s e n t in  s o lu t io n  e ffe c t a p p re c ia b le  changes in  
o rd e r  o f the  ions  A g + , Cu+ , Cu++, Hg++ , F e +++ as shown by K o lth o f f
O O O A Q 7 7
and C oetzee * , b y  B i l lo n  and by W aw zonek . A ls o , i t  is  expected
th a t the k in e t ic s  o f re a c tio n s  is  o fte n  a m a jo r  fa c to r  in  p la c e m e n t o f 
coup les  in  the  ta b le . A n  exa m p le  in  p o in t is  the e ffe c t th a t h a lid e  io n  
has on the s o lu b i l i t y  o f i r o n ( I I I ) .  The q u a n tity  o f f e r r i c  io n  p ro du ce d  by 
e q u iv a le n t q u a n tit ie s  o f o x id iz in g  m a te r ia ls  B r 2  and |A e N :B rJ+ v a r ie s  
d ra s t ic a l ly .  W hen i r o n  is  o x id iz e d  w ith  b ro m in e , the y e llo w -o ra n g e  o f 
the  b ro m in e  ra p id ly  d is a p p e a rs  and the c o lo r  o f the f e r r i c  b ro m id e  is  
e a s ily  a p p a re n t. H o w e ve r, the  th io cya n a te  te s t is  re q u ire d  to  d e m o n ­
s tra te  the  p re se n ce  o f i r o n ( I I I )  w hen b ro m in e  m o n o n itra te  is  used as 
the  o x id a n t. I t  is  supposed th a t, a lth o u g h  the o x id iz in g  s tre n g th s  o f 
B r 2  and |AcN :B ]3 + a re  a p p ro x im a te ly  eq ua l, the  am oun t o f iron (X II) 
p ro d u ce d  d u r in g  an o x id a tio n  is  g re a te r  when h a lid e  ions  a re  p re s e n t.
A lth o u g h  bo th  S t r e h lo w ^  and P le s k o v ^  have e le c t r ic a l  da ta  fo r  
p la c in g  the ha logens in  a d is p la c e m e n t s e r ie s ,  th e y  d id  no t c o n s id e r  the 
t r ip le  n a tu re  o f the  ha logen  m o le c u le . Io d in e , fo r  e xa m p le , can be a 
c o m p le x in g  agen t, a re d u c in g  agen t, o r  an o x id iz in g  agent depend ing  
upon the re a c t io n  chosen. Ig n o r in g  the  c o m p le x in g  a b il i ty ,  the h a logen
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in  a c e to n it r i le  s o lu t io n  has tw o  a c tiv e  fo rm s , [A c N :  and I ” , w ith  the
p o s it iv e  fo rm  be in g  the o x id iz in g  agent. A lth o u g h  the m e ta ls  a re  s tro n g e r  
re d u c in g  agents than  io d id e  io n ,th e y  do not d is s o lv e  and fo rm  s o lu t io n s  in  
a c e to n it r i le  as th e y  do in  l iq u id  a m m o n ia ; hence, io d id e  is  the s tro n g e s t 
so lu b le  re d u c in g  agent in  a c e to n it r i le .  H y d r id e  io n  is  a s tro n g e r  re d u c in g  
agent than  iod ide»bu t no so lu b le  h y d r id e  com pounds w e re  found.
T o  unde rs ta n d  the p la c in g  o f io d id e  io n  and b ro m id e  io n  in  T a b le  
IV  i t  is  n e c e s s a ry  to  c o n s id e r a s e r ie s  o f re a c tio n s  (found in  T a b le  V) 
w h ic h  d e m o n s tra te  th e ir  re d u c in g  a b il i t ie s .
F ro m  the l is t  o f re a c tio n s  in  T a b le  V  i t  is  obv ious  th a t h a lid e  
ions  bo th  re d uce  m e ta l ions  and fo r m  co m p lexes  w ith  th e m . Hence the 
a c tu a l p o s it io n  o f I ”  = 1/2 I 2 is  a d i f f ic u l t  cho ice . F o r  the p u rp o se  o f 
p re p a r in g  an in te g ra te d  ta b le , the m o s t d ra s t ic  re d u c in g  o r  o x id iz in g  
re a c t io n  e ffe c te d  by  the  sp e c ie s  in  q u e s tio n  was used. Hence b o th  I ”  
and B r  a ppea r above A l"*^  a lth ou g h  B r “  does not a ppea r to  e ffe c t r e -  
d u c tio n  o f e ith e r  F e+^ o r  Sn+ 2  ions  as I  "d o e s . T h is  is  no t too  s u r p r is ­
in g  s in ce  the t r a n s it io n  m e ta ls , in c lu d in g  z in c , fo rm  s tro n g  co m p lexes  
w ith  h a lid e  ion s  in  a c e t o n i t r i le ^ ,  77. T h e re fo re , w hen th e re  is  co m p e ­
t i t io n  fo r  re d u c t io n  v e rs u s  c o m p ie x a tio n ,th e  w ea ke s t c o m p le x in g  agent 
w i l l  ap pe a r to  be the s tro n g e s t re d u c in g  agent. H ence, io d id e  io n  shows 
i ts  re d u c in g  p ro p e r t ie s  im m e d ia te ly  w ith  a lu m in u m  t r ic h lo r id e  w he reas  
the  re a c t io n  w ith  b ro m id e  io n  re q u ire s  tw o  to  th re e  w eeks. W hen l i th iu m
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T A B L E  V
R E D U C T IO N  R E A C TIO N S  O F B R O M ID E  AND IO D ID E
(1 ) A ICL 3  + excess I"  = I 2  + ?
(2 ) A IC L 3  + excess B r “ = B r 2  + ?
(3) A lC lg  + excess  C l “ = no c h lo r in e
(4) A l  + C l2  = A IC I3
(5) A l  + B r 2 = A lB ro  in c o m p le te ly
(6 ) A l  + I 2  = no A l lg
(7) I "  + Sn+ 2  = l z  + ?
(8 ) I "  + F e + 3  = F e + 2  + I 2
(9) I "  + C r + 3  = C r + 2  + I 2
(1 0 ) I "  + Cu+^ = s l ig h t  change to  Cu"1-̂
(1 1 ) I  + Og = 12 F O
(1 2 ) -  + 2  B r  + Sn = no re a c t io n
(13) +3B r  + Fe = no re a c t io n
(14) B r 2  + Fe = F e B r^
(15) B rg  + F e +3= F e B rg ”
(16) C o C I2  + 21" -  C o C ^ Ig *
(17) N iC l2  + 21" = N iC l2 I 2"
(18) Co+ 2  + 41“ = C o C l4 =
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c h lo r id e  is  added to  a lu m in u m  (III)  c h lo r id e  the  te tra c h lo ra lu m in a te  ion  
is  fo rm e d  in i t ia l ly ,  w ith  the re d u c t io n  p ro d u c ts , b ro m in e  and a lu m in u m  (? ), 
b e in g  fo rm e d  su b seq u e n tly . A t no t im e  w as any p h y s ic a l ev idence  a v a ila b le  
th a t a llo w s  one to  d is t in g u is h  A l(O ) o r  A1(I) in  these s o lu t io n s . In  fa c t,
A1(I) shou ld  be uns tab le  in  the p re sen ce  o f b ro m in e , (see e qua tio n  (5)
T a b le  V ), and A l( I )  u s u a lly  m u s t be s ta b iliz e d  by a s tro n g  L e w is  a c id  u n t i l  
i t  can be re m o ve d  f r o m  the re a c t io n  m ix tu re .
A t  th is  p o in t i t  is  aga in  o f in te re s t  to  th in k  about the  anom a lous 
io n iz a tio n s  o f A IC I3  in  a c e to n it r i le  s o lu tio n s  as s tu d ie d  c o n d u c to m e tr i-  
c a lly  (see p. 41). The io n s , lik e  A lC l2 + , A lC l"1"^, A l+ ^, w h ic h  a re  less  
sh ie ld e d  by c o o rd in a tio n  o r  a s s o c ia tio n  w ith  c h lo r id e  io n , a re  the m o re  
s u s c e p tib le  to  re d u c t io n . H o w e ve r, these  ions  a re  p re s e n t in  a lu m ­
in u m  (III)  c h lo r id e  s o lu t io n s  in  v e ry  s m a ll q u a n tit ie s . Due to  the te ndency  
fo r  bo th  b ro m id e  and io d id e  ions  to  fo rm  te tra h a lo a lu m in a te  ions  w ith  
A IC I3  and because o f the lo w  c o n c e n tra t io n  o f A lC l2 + , A.1C1+^ and A l+^ 
io n s , i t  is  expected  th a t re d u c t io n  w ou ld  take  p la ce  s lo w ly . I t  is  o b se rve d  
th a t the b ro m id e  re d u c tio n s  o f a lu m in u m (III)  c h lo r id e  s o lu t io n s  a re  qu ite  
s lo w , u s u a lly  r e q u ir in g  tw o  to  th re e  w eeks, thus s u p p o rtin g  the above 
h yp o th e s is .
F ro m  the re a c tio n s  lis te d  in  T a b le s  IV  and V , i t  is  obv ious  th a t 
t in ( I I )  io n  is  a good re d u c in g  agent, bu t th a t i t s  p o s it io n  in  the  ta b le  is  
open to  d is c u s s io n . One o f the  d ra w b a cks  fo r  t in ( I I )  io n  as a re d u c in g
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agent is  th a t i t  so m e tim e s  fo rm s  ions  as SnCL^~ w h ich  re m o ve  i t  f r o m  
the ra n k s  o f a re d u c in g  agent a lm o s t e n tireL y . One p o in t not p re v io u s ly  
c o n s id e re d  is  th a t a l l  the  re d u c in g  agents d iscu sse d  thus fa r ,  such  as 
b ro m id e , do not a lw ays  e ffe c t re d u c t io n  o f a l l  the  spe c ie s  lis te d  b e lo w  
i t  in  T a b le  IV . The re a c t io n  be tw een b ro m id e  and i r o n  (III)  o r  c h ro m ­
iu m  (III)  does no t p ro ce e d  n o tic e a b ly  a lthough  b ro m id e  ap pea rs  to  e ffe c t 
re d u c t io n  o f a lu m in u m (III) .  T h is  cou ld  be due to  the k in e t ic s  o r  m e c h ­
a n is m  o f re a c t io n  o r  to  som e o th e r  d r iv in g  fo rc e  not re a d ily  a p pa re n t.
In  the case o f t in ( I I )  and t in ( IV )  io n s , w h ich  can be p re p a re d  as 
p e rc h lo ra te s  by the m e thod  o f S c h m id t^ ,  one shou ld  be ab le  to  s tu d y  
th e m  p o la ro g ra p h ic a l ly  and g ive  th e m  an unam biguous p o s it io n  in  a 
d is p la c e m e n t s e r ie s . The t in ( I I ) - t in ( IV )  coup le  cou ld  have been m o re  
a c c u ra te ly  p la ce d  i f  som e y t te rb iu m  (III)  p e rc h lo ra te  w e re  a v a ila b le  
because the re a c t io n  be tw een t in ( I I )  and a lum inum (IX I) gave am b iguous 
re s u lts .  P o te n t io m e tr ic  t i t r a t io n s  w ou ld  a lso  be v e ry  h e lp fu l in  p o s i­
t io n in g  these  ion s  p ro p e r ly ,  bu t w ou ld  re q u ire  p ro lo n g e d  e x p e r im e n ta tio n  
as w e ll as a n hyd rous  and o x y g e n - fre e  c o n d itio n s .
The p la c e m e n t o f m e rc u ry (O ) -m e rc u ry ( I ) ,  s i lv e r ( O ) - s i lv e r ( I )  
and m e rc u ry  ( I ) -m e rc u ry  (II) coup les  a re  s u b je c t to  a rg u m e n t f r o m  s e v e ra l
o
s o u rc e s . B i l lo n  shows in  h is  f i r s t  ta b le  how these  coup les  v a ry  w ith  
an ion . S ince s u f f ic ie n t  data  w e re  u n a va ila b le  fo r  p e rc h lo ra te s , the o rd e r  
show n in  T a b le  IV  is  fo r  m e ta l n it r a te  re a c tio n s  done e s p e c ia lly  fo r  th is
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s tudy . The p o te n t io m e tr ic  m e a su re m e n ts  o f P le s k o v ^  and o f K o lth o f f
0 4
and C oetzee can ch a lle ng e  the p o s it io n  o f the  s i lv e r ( O ) - s i lv e r ( I )  
coup le  d e te rm in e d  by th is  in v e s t ig a to r  a lthough  th e y  a re  not in  a g re e ­
m en t w ith  one a n o th e r. Io d in e , as jA c N : ^ ,  w i l l  d is s o lv e  s i lv e r  m e ta l 
to  fo rm  s i lv e r ( I )  t r i io d id e  w h ic h  is  so lu b le . Because th is  is  no t o n ly  an 
o x id a tio n  re a c t io n  bu t a lso  a c o m p le x a tio n  re a c t io n  the p o s it io n in g  o f the 
tw o coup les a re  re la t iv e .  The ch o ice  o f A g + -A g  b e fo re  1/2 ^ - I ' i s  made 
because io d in e  s o lu t io n s  do d is s o lv e  s i lv e r  m e ta l.
T a b le  V I shows in  p a r t ic u la r  th a t the  a c tiv e  p o r t io n  o f B r 2 is  
|~A.cN; B rJ  + and th a t the  o x id iz in g  s tre n g th  o f the ha logens and s i lv e r  io n  
f a l l  in to  the  fo llo w in g  o rd e r : C I2 ^  (AcN iC fJ +> B ^  *= [AcN: BrJ  "t> 12^
(A cN -.i]+>  A g + . E q u a tio n s  (34), (35) and (36) a re  o n ly  the f i r s t  s tep  in
/
a s e r ie s  o f re a c tio n s  be tw een the ha logens and s i lv e r  w h ic h  have th o r ­
o ugh ly  been s tu d ie d  by K ik in d a i^ »  11 ,27  e .̂  ̂ ancj  a [ so re s tu d ie d  and
extended d u r in g  th is  in v e s t ig a tio n . A  g e n e ra l re p re s e n ta tio n  o f the 
re a c t io n  be tw een the ha logens and s i lv e r  (I) io n  fo llo w s : X  re p re s e n ts  
the ha logen.
(a) A g + + X 2 = A g X  + X +
(b) 2X + + A g + = A g X  + X + 3
(c) X + 3  + X + + A g + = A g X  + X + 5
(d) X + 5  + X + + A g + = A gX  + X + 7
The te x t is  co n tin u e d  on page 58.
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T A B L E  V I
O X ID A T IQ N  R E A C T IO N S  O F  TH E  H ALO G EN S A N D  S IL V E R (I)
(1) C I2  ■+■ Fe -  F eC lg  —* FeC Ig  ”
(2) C i2  + Co = C 0 C I2  C o C l4  =
(3) C l2 + N i = N iC L2
(4) C l2  + A g  = AgCL -> A g C l3 '
(5) C l2  + Cu = C uC l —♦C u C l4  =
(6 ) C l2  + M n = M n C l2 + M n C l4
(7) C l2  + C r  = C r C l3
(8 ) C l2  + Z n  = Z n C l2
(9) C i2  + T i  -  T iC I4
(10) B r 2 -f Fe = F e B r 3 —>FeBrg
(11) B r 2 + Co = C o B r 2  ^ C o B r ^
(12) B r 2 + N i = N iB r 2
. (13) B r 2 + A g  = A g B r  —»Ag B r^
(14) B r 2 + Cu = C u B r 2 > som e C u2 B r 2
(15) B r 3 + M n = M n B r 2
(16) B r 2 + C r  = C r B r 3 ( in co m p le te )
(17) B r 2  + Z n  = Z n B r 2
(18) B r 2 + T i  = T iB r 4  ( in co m p le te )
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(19) I 2  + Fe = FeX2 * - » F e I6“  •. : ' *
(20) I 2  + Co = C o I2
(21) I 2  + N i = No re a c tio n
(22) 1 2 + A g  = A g l3
(23) I 2  + Cu = C u ^  —> C u2*2
(24) I 2  + M n = M n l2
(25) I 2 + C r  = No re a c t io n
(26) I 2 + Z n  = Z n l2
(27) I 2 + T i  = No re a c t io n
(28) Fe + AgNOg = No re a c t io n  
(2 9) Co + AgNOg -  Co+ 2
(30) N i + AgNOg = No re a c t io n
(31) C r  + AgNOg = No re a c t io n
(32) 6 n +  AgNOg = Cu+ 2
(33) M n + AgNOg -  M n + 2
(34) B r 2  + AgNOg " A g B r  + B r + + NOg
(35) I 2  + AgNOg. = A g l + I+ + N O g"
(36) C l2  + AgNOg * AgCL + C l+ + N O g"
(37) Fe + A c N :B r+ = F e + 2  (found by SCN com p lex)
(38) Co + A cN : B r + = Co+ 2
(39) N i + A cN : B r + = N i+ 2
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(40) C r  + A c N :B r+ -  No reaction
(41) Cu + AcN: B r+ = Cu+ 2
(42) M n + AcN: B r+ = M n + 4
(43) VOSO4  + C I2  " V O C I3  + white ppt. (dark brown solution)
(44) VOSO4  + Ag+ = (brown solution VO"1"4"*")
(45) VOSO4  + Sn+ 4  = (blue solution) V ++
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A l l  the above X ^ ’s a re  found in  a re a c t io n  v e s s e l a lthough  r e ­
a c tio n  (a) is  the  o n ly  one th a t approaches c o m p le tio n , w ith  the q u a n tit ie s  o f 
X +7<  X +^c X +^ : <  X + „ H ence, even fo r  io d in e , the q u a n tity  o f ha logen  in
4-7the  +7 o x id a tio n  s ta te  w i l l  be e x tre m e ly  s m a ll.  H ow e ve r, I  + E tO H  = 
IQ +5-r ? , a c c o rd in g  to  K ik in d a i^ »  The q u a n tit ie s  o f each X +n can be 
found by add ing  a liq u o t p o r t io n s  o f the re a c t io n  s o lu t io n  to  aqueous s i lv e r  
n it ra te  and to  a c id if ie d  p o ta s s iu m  io d id e  s o lu t io n s . The d if fe re n c e  b e ­
tw e e n  the g ra v im e tr ic  and io d o m e tr ic  m e a su re  o f ha logen  g ives  the 
q u a n tity  o f X +n. I f  to ta l h a lid e  is  d e te rm in e d  fo r  the  re a c t io n  m ix tu re ,  
and i f  the re a c t io n  is  fo llo w e d  as a fu n c tio n  o f t im e , m a x im u m  va lues  
f o r  X + 3 , X + 5  and X + 7  can be ob ta ined  (as K ik in d a i^ 7 has done).
Some s im p le  re a c tio n s  w h ic h  in d ic a te  th a t the ha logen  does indeed 
have a p o s it iv e  c h a ra c te r  fo llo w :
(a) C aH 2 (s) + (A c N :B r j+ -  H B r  + heat,
(b) E le c t r o ly s is  o f ^ c N : B r / + g ives  B r 2 a t the  ca thode,
(c) R e a c tio n  o f am y le n e  w ith  A c N rB rC l s o lu t io n s  
re s u lte d  in  d ih a lo s u b s titu te d  com pounds.
S ince the X +n sp e c ie s  does a tta c k  w a te r , a lc o h o ls  and benzene, the  a d ­
vantage o f a s o lv e n t re s is ta n t  to  o x id a tio n  and p ro to n  a b s t r a c t io n ^  is  
o b v io u s . In  the l i t e r a t u r e ^  i t  was found th a t B r iN O g ^  had been p r e ­
p a re d  and was re p o r te d  to  decom pose  a t 0 °C . o r  to  decom pose m o re  
v io le n t ly  a t 48°C , upon m e lt in g . N 2Og was used to  c o n v e rt the B r  in
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B rF g  to  Br(NC>3 ) 3 . K ik in d a i10, H»27^  S c h m e is s e r and T a g iin g e r* ^ ,  
Popov^O , 52, 56, 57, 58 ancj th is  re s e a rc h e r  have noted the s ta b i l i t y  o f 
the X +n and a lso  re a c tio n s  w h ic h  show  th a t the  le a s t e le c tro n e g a tiv e  
ha logen  accep ts  the h ig h e s t p o s it iv e  ch a rge . Sam ple re a c tio n s  fo llo w :
(a) B r(N O s ) 3 + IB r  = B r 2 + I (N 0 3 ) 3
(b) B r (N 0 3 ) 3  + 12  = B r N 0 3 + 2 IN O 3
(c) B r ( N 0 3 ) 3  + 31 “ = IB r  + I 2
(d) B r N 0 3 + X = IB r  o r  I"*" and B r ”
In  a la te r  p u b lic a t io n  K ik in d a i^  showed the p re sen ce  o f X + in  
s o lu t io n  by p a s s in g  X 2  s o lu tio n s  th ro u g h  io n  exchange co lu m n s . She
1 Q
a lso  d e m o n s tra te d , u s in g  I  s o lu t io n s , th a t about 83% o f the  th e o -
+3 +r e t ic a l  am oun t o f I  d is p la c e d  3H f ro m  the co lu m n .
A n  a tte m p te d  bu t u n su cce ss fu l p ro c e c t was to  t r e a t  p e rc h lo ra te  
+7io n  w ith  B r  , p o s s ib ly  to  fo r m  p e rb ro m a te . A  s o lu t io n , e n r ic h e d  in
1-1 C 1 "̂7
B r  and B r  , was added to  a s o lu t io n  o f U .C IO 4 , bu t the re s u lt in g  
p ro d u c ts  w e re  so n u m e ro u s  th a t i t  was im p o s s ib le  to  an a lyze  fo r  p e r ­
b ro m a te  ion . A ls o  u n s u c c e s s fu l w e re  the s e v e ra l a tte m p ts  to  is o la te  
the h ig h e r p o s it iv e  v a le n t io d in e -n it ra te  com pounds. K ik in d a i^  found
and id e n t if ie d  I0 ( N 0 3) 3* 3E tO H . A s a note in  p a ss in g  S c h m e is s e r and 
fi 4
T a g lin g e r  s ta te  th a t s o lu t io n s  o f B r ( N 0 3 ) 3  in  C C IF 3  a re  e x tre m e ly  
p o w e rfu l n it r a t in g  and b ro m in a t in g  agents.
The o x id iz in g  agents in  T a b le  IV  fo llo w in g  (A cN :fl +
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can be d iscu sse d  m o re  s im p ly .
The p la ce m e n t o f SO 2 in  the  s e r ie s  is  open to  q u e s tio n  because so
few  re a c tio n s  in v o lv in g  i t  w e re  unam biguous. H o w e ve r, i t  does d is s o lv e
co b a lt i f  a c o m p le x in g  agent such  as c h lo r id e  io n  is  p re s e n t.
P e rm a ng a n a te  a tta c k s  b o th  b ro m id e  and io d id e  s o lu tio n s  bu t does
no t take  C e (III)  to  C e (IV ).
C e r iu m ( II I )  is  ta ke n  to  c e r iu m (IV )  by bo th  b ro m in e  and c h lo r in e .
The p o s it io n s  g ive n  A g ++ and N 2 O 5  a re  due to  a p a p e r on the
fi 7e le c t ro ly s is  o f n it ra te s  by  S ch m id t and Stange in  w h ic h  i t  is  s ta te d
th a t A g ++ is  found when N 2 O 5  is  fo rm e d  in  the anode c o m p a rtm e n t.
S ince A g ++ was not noted w ith  any o f the o th e r  o x id a n ts  l is te d  i t  m u s t
f a l l  lo w e r  in  the ta b le  a long  w ith
The p o la ro g ra p h ic  s tu d ie s  o f K o lth o f f  and C o e tz e e ^ ’ ^  and o f
L a rs o n  and Iw a m o to ^  w e re  done a lm o s t id e n t ic a lly .  B o th  in v e s t ig a to rs  
“ 2used 1 0  m o la r  s o lu t io n s  o f m e ta l p e rc h lo ra te s  w h ic h  had been d ried
p r io r  to  use. The vo lta g e  re a d in g s  a re  re d u c t io n  p o te n tia ls  m e a su re d
be tw een the d ro p p in g  m e rc u ry  e le c tro d e  and a s a tu ra te d  c a lo m e l e le c -
33tro d e  jo in e d  to  the c e l l  by an a g a r -K C l b r id g e . K o lth o f f  and C oetzee 
used c o n c e n tra t io n  data  to  c a lc u la te  E ° 's  and found th a t th e ir  re s u lts  
a g reed  w e ll w ith  the va lu e s  o f P ie s k o v ^ .  The E ° ' s  a re  s h if te d  in  a 
p o s it iv e  d ire c t io n  f r o m  the va lu e s  fo r  w a te r , bu t the s h if t  is  no t cons tan t. 
P le s k o v ^ ,  S t r e h lo w ^  and W a w z o n e k ^  a l l  have se t op in ion s
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c o n c e rn in g  the "b e s t"  re fe re n c e  p o te n tia l. T h e ir  E ° 's  ag ree  q u ite  w e ll 
c o n s id e r in g  th e i r  cho ices  o f re fe re n c e  e le c tro d e s . P le s k o v ^ ,  l ik e
o  ,
B il lo n  , p re fe rs A g /A g  e le c tro d e s , bu t w ith  d if fe re n t  c o n c e n tra tio n s  o f
7 7s i lv e r  ion . W aw zonek 1 p re fe rs  the s a tu ra te d  c a lo m e l e le c tro d e  as a 
re fe re n c e  e le c tro d e . T h is  a rra n g e m e n t is  s u b je c t to  unknow n ju n c t io n  
p o te n tia ls  a lth ou g h  s im p le  to  c o n s tru c t. The cho ice  o f E °  = 0. 00
is  m o re  d is l ik e d  than  lik e d  because the change in  s o lv a t io n  e n e rg ie s  b e ­
tw een  w a te r  and a c e to n it r i le  causes a g re a t n u m b e r o f changes in  the 
o rd e r  o f the  d is p la c e m e n t s e r ie s  n e a r hyd rogen . P o p o v ^ l p re fe rs  the 
A g /A g C l re fe re n c e  e le c tro d e .
E le c t r o ly s is ,  a lth ou g h  le ss  s e n s it iv e  and m o re  l im ite d  in  a p p lic a ­
t io n  than  p o te n t io m e tr ic  d e te rm in a tio n s , is  q u ite  w e ll s u ite d  fo r  a id in g  
in  the c o n s tru c t io n  o f a d is p la c e m e n t s e r ie s . O n ly  S c h m id t^  has done 
an a p p re c ia b le  am oun t o f w o rk  in  th is  a re a  and h is  re s e a rc h  was s la n ted  
to w a rd  a m ethod  o f p re p a r in g  anhyd rous  s o lu t io n s  o r  c r y s ta l l in e  c o m ­
pounds o f those  io n s , as B i -1"^, Sb+ ^, M n+^, w h ic h  a re  d i f f ic u l t  to  p re p a re  
as a n h yd rous  s a lts  by bench top  m e thods. T h is  was a c c o m p lis h e d  by 
e le c t ro ly z in g  co p p e r o r  s i lv e r  s o lu t io n s  be tw een  e le c tro d e s  o f the  d e s ire d  
m e ta ls . F o r  in s ta n c e , one can p re p a re  anhyd ro us  m anganese n it ra te  by 
e le c t ro ly z in g  s i lv e r  o r  copper(X I) n it ra te  be tw een m anganese e le c tro d e s . 
A lth o u g h  th is  m ethod  is  a cce p ta b le  fo r  in o rg a n ic  p re p a ra t io n s , an e. m . f. 
s e r ie s  can be b u i l t  up fo r  these  re a c tio n s  by  a n a ly z in g  the vo lta g e s
\
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n e c e s s a ry  fo r  p la t in g  out the  d e s ire d  metaL. As an e xa m p le , i f  a n h y ­
d ro u s  c o b a lt( I I)  c h lo r id e  s o lu tio n s  w e re  a v a ila b le  the s e r ie s  above 
c o b a lt cou ld  be d e te rm in e d  as re a d i ly  as the s e r ie s  f r o m  c o b a lt( I I)  
to  co p p e r (I) , to  co p pe r (II) o r  to  s i lv e r  (I) have been. F u r th e r  a n a ly s is  
o f the  p o te n tia ls  n e c e s s a ry  to  p la te  out m e ta ls  f r o m  s o lu tio n s  o f v a r io u s  
an io n s , such  as p e rc h lo ra te ,  n it r a te ,  h a lid e  and th io c y a n a te , w ou ld  
a llo w  re la t iv e  p la c e m e n t o f those  m e ta ls  w h ich  a lte r  th e ir  re d u c t io n  
p o te n tia ls  by  c o m p le x a tio n  o r  a s s o c ia tio n  w ith  the a n io n  p re s e n t d u r in g  
the e le c t ro ly s is .  M o re  w o rk  shou ld  be done w ith  th is  te ch n iq u e .
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P A R T  I I I  
A N A L Y T IC A L  TE C H N IQ U E S
In tro d u c t io n
T o  co m p le te  the in v e s t ig a tio n  o f the use fu ln e ss  o f a c e to n it r i le  as a 
s o lv e n t fo r  in o rg a n ic  re a c tio n s  i t  is  n e c e s s a ry  to  have m ethods o f q u a l i­
ta t iv e  and q u a n tit iv e  a n a ly s is . F ro m  the s o lu b i l i ty  da ta  p re se n te d  in  
T a b le  I, i t  is  obv ious  th a t m any a n a ly t ic a l te ch n iqu es  used in  w a te r  ca n ­
no t be d ir e c t ly  t r a n s fe r re d  to  a c e to n it r i le .  H ence, the techn ique s  used 
in  th is  re s e a rc h  p ro b le m  as w e ll as the techn iqu es  a tte m p te d  by o th e rs  
a re  e xp la in e d  and d iscu sse d .
The B eckm an  D K -2 a  a u to m a tic  re c o rd in g  s p e c tro p h o to m e te r was 
used e x te n s iv e ly  fo r  a n a ly z in g  the re a c tio n s  d iscu sse d  in  P a r t  II . S ince 
the s p e c tro p h o to m e te r  is  a doub le -beam  in s tru m e n t, a n a ly s is  o f any 
re a c t io n  cou ld  be done d ir e c t ly  a g a in s t a re fe re n c e  s o lu t io n  o r  co m p a re d  
to  a s e r ie s  o f p u re  com ponents ru n  a g a in s t p u re  so lve n t. W henever 
p o s s ib le , spo t te s ts  w e re  used to  id e n t ify  a spec ie s  in  q u es tio n , and aque­
ous an a lyse s  w e re  used on the s o lu t io n s  co n ta in in g  ha logens.
63
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T a b le  V I I  co n ta ins  a l is t  o f one hundred  s ix  t ra n s m is s io n  s p e c tra , 
f r o m  218 to  2850 rryx t ob ta ined  d u r in g  these  s tu d ie s . U nd e r the head ing  
"A b s o rp t io n  F e a tu re s , A  i n /»*/*.”  a re  found the w ave leng ths  o f the a b s o rp ­
t io n  m a x im a , the w id th  o f a b s o rp tio n  bands, o r  the w id th  o f som e o th e r 
fe a tu re  such  as a sh a rp  r is e  o r  fa l l  be tw een tw o p la tea us  o f in te n s ity . 
U n d e r the head ing  "R e a c tio n  In d ic a te d "  the w o rd  "n o n e " is  used w hen a 
re fe re n c e  s p e c tru m  is  l is te d . The s p e c tra  a re  g rouped in to  s e c tio n s  
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E x p e r im e n ta l
A  B eckm an  D K -2 a  a u to m a tic  re c o rd in g  s p e c tro p h o to m e te r and 
a P e r k in - E im e r  In fra c o rd  w e re  o p e ra te d  as d e s c r ib e d  in  th e ir  in s t ru c t io n  
m an ua ls . A dvan tage  was ta ke n  o f the  double  beam  c h a ra c te r  o f these  
in s tru m e n ts  w hen p o s s ib le . The s p e c tra  o f s o lu t io n s  o f a s in g le  c o m ­
pound v e rs u s  p u re  s o lv e n t a re  r e fe r re d  to  as " re fe re n c e "  s p e c tra .
R e p ro d u c ib il i ty  o f the s p e c tra  ob ta ined  on the D K -2 a  was a ssu re d  
by the use o f s to p p e re d , o n e -c e n tim e te r  s i l ic a  c e lls .  The m o d e ra te  
v a p o r p re s s u re  o f a c e to n it r i le  a t 25°C . (74 m m . Hg. ) was s u f f ic ie n t ly  
h ig h  to  re q u ire  the use o f N u jo l m u lls  w ith  the In fra c o rd .
The c o n d u c t iv ity  c e il  used to  d e te rm in e  e le c t ro ly te  d is s o c ia tio n  
d e s c r ib e d  in  P a r t  I  was a lso  used to  fo l lo w  the t i t r a t io n s  d e s c r ib e d  in  
the s e c tio n  on " E le c t r ic a l  M e thods. " The c e ll  was c o n s tru c te d  f ro m  a 
m a le  2 4 /4 0  S tandard  T a p e r jo in t  and i ts  d im e n s io n s  w e re  ta i lo re d  to  f i t  
a th re e -n e c k e d  re a c t io n  v e s s e l in  a vacuum  a sse m b ly . The o n e -c e n t i­
m e te r  sq u a re , p la t in u m -b la c k e d  e le c tro d e s  w e re  he ld  r ig id ly  in  p lace  
by fo u r  g la ss  ro d s , one a t each c o rn e r  o f the fo i l .  W hen in s e r te d  in to  
the c e n te r n eck  o f the  f la s k  the b o tto m  o f the  ja c k e t p ro te c t in g  the 
e le c tro d e s  w as abou t one and o n e -h a lf  c e n t im e te r  above the b o tto m  
s u rfa c e . T h is  was s u f f ic ie n t  w o rk in g  a re a  fo r  the m a g n e tic  s t i r r i n g  b a r.
E le c t r ic a l  co n ta c t w ith  the c e ll  was ob ta ined  by p la c in g  co p pe r 
w ire s  in to  the m e rc u ry  w e lls .  R es is ta n ce  re a d in g s  w e re  ta ke n  on a
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C enco S tudent W heatstone B r id g e  w ith  a G e n e ra l E le c t r ic  Type  S T -2 B  
o s c illo s c o p e  as the in d ic a to r  o f ba lance . A t le a s t th re e , and u s u a lly  
fo u r ,  s ig n if ic a n t f ig u re s  w e re  ob ta ined  w ith  th is  a p p a ra tu s .
B u re tte s  w e re  f i t te d  in to  the o th e r tw o  19 /3 8  S tandard  T a p e r 
jo in ts  a llo w in g  the t i t r a t io n s  to  be fo llo w e d  w ith  e ith e r  spec ie s  as t i t r a n t .
D is c u s s io n
The m ethod  o f add ing  and s u b tra c tin g  s p e c tra  as a m eans o f 
a n a ly z in g  a re a c t io n  is  d e s c r ib e d  fo r  the o x id a tio n  o f ir o n ( I I )  c h lo r id e  
by c h lo r in e  to  fo rm  ir o n ( I I I )  c h lo r id e . Note th a t s p e c tra  (27), (28), (31) 
and (89) in  T a b le  V I I  a re  s u f f ic ie n t  to  ana lyze  re a c t io n  (1) in  T a b le  V I 
and to  d e m o n s tra te  th a t i r o n  (III)  c h lo r id e  was fo rm e d . T h is  co n c lu s io n  
was a r r iv e d  a t by s u p e r im p o s in g  the s p e c tra  and a cco u n tin g  fo r  a l l  s ig ­
n if ic a n t  fe a tu re s  in  each. The a b s o rp tio n  m a x im a  a t 310^r>ju is  found 
fo r  c h lo r in e  and is  a ls o  found in  the ir o n ( I I I )  c h lo r id e  s p e c tra . The 
peaks a t 240 and 3 7 0 ^ ^  and the change o f in te n s ity  be tw een 4 0 0 -6 0 0 ,™̂  
is  c h a ra c te r is t ic  o f i r o n  ( II I) .  The absence o f s ig n if ic a n t fe a tu re s  in  
s p e c tra  (28) fo r  iro n ( I I )  c h lo r id e  p re v e n ts  any e s tim a te  o f the c o m p le te ­
ness o f the re a c tio n .
F o r  re a c tio n s  th a t do go e s s e n t ia lly  to  c o m p le tio n , d ir e c t  c o m ­
p a r is o n  o f a "k n o w n " w ith  the "u n kn o w n " m a te r ia l on a sca le  o f enhanced 
s e n s it iv i ty  g ive s  a b so lu te  p ro o f o f the re a c tio n  p ro d u c ts . F o r  in s ta n ce ,
T-971 77
+4 +2i f  0. 01 M  Ce and Fe a re  m ix e d  and a s p e c tru m  o f th is  s o lu t io n  is
_1_ Q  J . O
co m p a re d  to  a know n c e ll  co n ta in in g  0. 01 M. Fe and Ce , th e re  w i l l  
be a l in e a r  ou tpu t f r o m  the p h o to c e lls  in d ic a t in g  a p e r fe c t m a tc h  o f the 
s p e c tra  f r o m  bo th  c e lls .
In  s e v e ra l cases, the  p ro d u c ts  o f a re a c t io n  a re  no t so e a s ily  
id e n t if ie d . When (AcN: B r) N O 3 is  used as an o x id iz in g  agen t, AgNOg 
is  p re s e n t in  s m a ll am oun ts  as an im p u r ity .  In  the in v e s t ig a tio n s  o f 
£A cN :B r] + as an o x id iz in g  agent the s i lv e r  (I) c o n c e n tra t io n  was kep t 
m in im a l.  T h is  d id  no t e lim in a te  the re a c tio n s  th a t the s i lv e r  (I) io n  
e ffe c te d , bu t i t  d id  a llo w  the  techn ique  o f c o m p a rin g  s p e c tra  ru n  
a g a in s t p u re  s o lv e n t to  be u s e fu l in  m o s t in s ta n ce s  o f the one hundred  
s ix  s p e c tra  l is te d . T h e re  a re  o n ly  tw e lv e  re a c tio n s  in  T a b le  V I I  - -  (5),
(26), (33), (35), (55), (59), (76), (81), (83), (87), (89),and (99) - - f o r  
w h ic h  th e re  a re  in s u f f ic ie n t  re fe re n c e  s p e c tra  a v a ila b le  fo r  a n a ly s is . 
These  tw e lv e  re a c tio n s  w i l l  be d iscu sse d  in  the a p p ro p r ia te  se c tio n s .
S ec tio n  A  - C o b a lt. S e ve ra l a tte m p ts  w e re  m ade to  p re p a re  
s o lu t io n s  o f c o b a lt( I I I)  f r o m  C o b a lt( II)  in  a c e to n itr ile . U ncom p lexed  
co b a lt ( II I)  a tta c k s  w a te r  and s ta b le  co b a lt ( III)  s o lu t io n s  m u s t be p r e ­
p a re d  b y  o x id a tio n  o f co m p le xe d  c o b a lt( I I) .  S ince a v e ry  s tro n g  o x id iz in g  
agen t was d e s ire d  fo r  use in  a c e to n it r i le ,  the uncom p lexed  c o b a lt ( III)  
io n  appea red  q u ite  p ro m is in g  because i t  was not expected  to  a tta c k  
a c e to n it r i le  as i t  does w a te r .
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The f i r s t  a tte m p ts  a t o x id a tio n  o f uncom pLexed c o b a lt( I I)  appeared
f r u i t f u l  because o f the appearance  o f the g re en  c o lo r  re p o r te d  fo r  c o b a lt( I I I)  
47ion s  . A lth o u g h  the co b a lt (III)  io n  m ay g ive  g re e n -c o lo re d  s o lu t io n s  in
som e o rg a n ic  s o lv e n ts , no g re e n  co b a lt ( III)  was p re p a re d  in  a c e to n it r i le
by add ing  c h lo r in e  s o lu t io n s  to  c o b a lt( I I)  c h lo r id e  s o lu tio n s  as has been 
47re p o r te d  , even though  th is  p ro c e d u re  so m e tim e s  caused g re e n ^ c o lo re d  
s o lu t io n s . G re e n -c o lo re d  s o lu t io n s  can be p re p a re d  in  s e v e ra l w ays.
The uncom p lexed  c o b a lt( I I)  io n  is  p in k  in  a c e to n it r i le .  The C 0 X 2 
com pounds g ive  b lue  s o lu tio n s ; X  re p re s e n tin g  h a lid e , cyan ide  o r  th io -  
cyana te . And C o X ^ “  ion s  a re  g re e n  in  s o lu t io n .
W hen a tte m p tin g  to  o x id iz e  C 0 C I2 s o lu t io n s  w ith  c h lo r in e , g re e n - 
c o lo re d  s o lu tio n s  can be ob ta ined  fo r  tw o  d if fe re n t  reasons:
(a) C 0 C I2  (b lue) + 2C12 (ye llo w ) « C 0 C I4 " (g reen) +
2  A c N :C l + (c o lo r le s s )
(b) C 0 C I2  (b lue) + 8 C 12 (ye llo w ) = g re e n  by c o lo r  a d d itio n . 
A n o th e r re a c t io n  g iv in g  g re e n  s o lu t io n s  is :
(c) C 0 C I2  (blue) + Ce+^ (ye llo w ) = g re en  by c o lo r  a d d itio n .
I t  is  easy to  d is t in g u is h  be tw een the c o lo r  a d d it io n  and co m p le x  fo rm a t io n  
because the C 0 X 4 ” io n  has a peak in  the u lt r a v io le t  a t 247 77^-, and tw o  in  
the  v is ib le  a t 415 and 735 77?/*, w he rea s  a band fo rm a t io n  f ro m  570-700 #7/61 
is  found w hen c o lo r  a d d it io n  o c c u rs .
T h e re  w e re  m any a tte m p te d  o x id a tio n s  w h ic h  d id  not g ive  g re e n -
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c o lo re d  s o lu t io n s ; fo r  e xa m p le , re a c tio n s  (2), (4), (5), (13), (16), (19), 
and (26) in  T a b le  V II .
O f p a r t ic u la r  in te re s t  a re  tw o  re a c tio n s , (5) and (26), in  w h ic h  a 
y e llo w  s o lu t io n  was o b se rve d  d u r in g  the co u rse  o f a tte m p te d  o x id a tio n s  
o f c o b a lt( I I) .  B o th  y e llo w  s o lu t io n s  w e re  ob ta ined  a f te r  p ro lo n g e d  h e a tin g  
on a s te a m  ba th  o f a p p ro x im a te ly  5. 0 g ra m s  o f (N H ^)2 S2 0 g and 0. 3 g ra m s  
o f C o C l2 * (P ro lo n g e d  h e a tin g  m eans a p e r io d  in  excess o f one w e e k .)
The re a c tio n s  w h ic h  p ro d u ce d  these  y e llo w  s o lu t io n s  a re  not re p ro d u c ib le  
in  a p re d ic ta b le  m a n n e r, bu t s p e c tra  (5) and (26) a re  id e n t ic a l.
In  re a c t io n  (5) the s to p p e re d  .EuTeiameyer f la s k  was w atched  c a re ­
f u l ly  as the  s o lu t io n  s lo w ly  changed f r o m  b lue to  g re e n  o v e r a tw o -w e e k  
p e r io d . W hen i t  becam e a p p a re n t th a t fu r th e r  re f lu x in g  w ou ld  p ro d u ce  no 
fu r th e r  c o lo r  change the re a c t io n  was quenched in  an ic e - s a l t  ba th . I t  
was noted th a t the  s o lu t io n  was m o re  y e llo w  w hen co ld  ( - 6 °G ) th an  w hen 
w a rm  (18°G ). H ence, by c o o lin g  s u f f ic ie n t ly  (/V/-18 °G ) a s p e c tru m  o f the  
y e llo w  s o lu t io n  was ob ta ined . B y c o m p a r is o n  o f the s p e c tru m  o f the 
y e llo w  s o lu t io n  and the s p e c tru m  o f the  g re e n  s o lu t io n  i t  was found  th a t 
the  g re e n  c o lo r  was due to  c o lo r  a d d it io n  because the  b lue  C 0 C I2  co n ­
c e n tra t io n  (sand 5 4 0 -7 0 0 ? n ^) in c re a s e d  w ith  in c re a s in g  te m p e ra tu re .
In  re a c t io n  (26) the . E r le n m e y e r  f la s k  was le f t  on the s te a m  ba th  
fo r  th re e  w eeks as the  b lue  c o lo r  c o m p le te ly  faded. No g re e n  o r  y e llo w  
c o lo r  w as a p p a re n t d u r in g  th is  p e r io d . S ince the s a lt  on the  b o tto m  o f the
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f la s k  had ta ke n  on a p in k  c o lo r ,  som e o f the  su p e rn a te  was te s te d  w ith  a 
B e ckm a n  fla m e  p h o to m e te r fo r  co b a lt. The re s u lts  w e re  vague bu t an 
in d ic a t io n  fo r  c o b a lt was o b se rve d . A  second p o r t io n  o f the sup e rn a te  
was p la ce d  in  a s to p p e re d  m e d ic in e  b o tt le  w ith  a 0 . 2- g ra m  p ie ce  o f m a g ­
n e s iu m  r ib b o n  and a d ro p  o f g la c ia l a c e tic  a c id . No im m e d ia te  c o lo r  
change was o b se rve d  a lthough  the y e llo w  c o lo r  was noted about th re e  
w eeks la te r .  A l l  the  m a g n e s iu m  r ib b o n  had d is s o lv e d . T h is  y e llo w  
s o lu t io n  was te s te d  w ith  a f la m e  p h o to m e te r and p o s it iv e  in d ic a tio n s  
w e re  found fo r  bo th  m a g n e s iu m  and co b a lt io n s .
The y e llo w -c o lo re d  s o lu tio n s  have re s is te d  fu r th e r  id e n t if ic a t io n .
I t  is  p ro po se d  th a t c h lo r in e , c e r iu m ( IV ) ,  p e rs u lfa te ,a n d  o th e r s tro n g  o x i ­
d iz in g  agents p ro du ce  s m a ll am oun ts  o f a h ig h e r -v a le n t co b a lt sp e c ie s  
b u t the a c tu a l o x id a tio n  n u m b e r o f th is  io n  is  in  qu es tio n . The s p e c tra  
o f co b a lt and c h ro m iu m  ions  show  som e s im i la r i t ie s  in  c o lo r  a lth oug h  
the c o b a lt c o lo rs  a re  s h ifte d  m o re  to  the b lue . T h is  h yp o th es is  a llo w s  
c o b a lt( I I I)  to  ap p e a r y e llo w  ra th e r  th an  g re e n , a lth ou g h  in c o m p le te ly  
o x id iz e d  c o b a lt( I I)  h a lid e  s o lu t io n s  w ou ld  be g re en .
S e c tio n  B - Iro n . R e a c tio n s  (27) th ro u g h  (38) in  T a b le  V I I  a re  
those  c o n c e rn in g  the o x id a t io n - re d u c t io n  and c o m p le x in g  re a c tio n s  o f 
iro n ( I I )  and ir o n ( I I I ) .  In  re a c tio n s  (32) and (33) the  g re e n  vp n a d iu m  
sp e c ie s  used is  th a t p re p a re d  by re a c tio n  (82) in  T a b le  V II . R ea c tio n s
(27) th ro u g h  (31), show  ir o n ( I I )  to  be o x id iz e d  and w e re  p re v io u s ly  d iscu sse d
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as an exampLe d e m o n s tra t in g  a n a ly s is  by s u p e rp o s it io n in g  o f s p e c tra .
The c o m p le x in g  re a c tio n s  o f i r o n  (111) a re  o f m o re  in te re s t .
In  aqueous soLution the cyan ide  co m p le x  o f ir o n ( I I I )  is  m o re  
s ta b le  than  the c h lo r id e  o r  th io cya n a te  co m p le xe s . A n  a tte m p t to  in ­
v e s tig a te  the  changes f r o m  one co m p le x  to  a n o th e r by s tu d y in g  the 
s p e c tra  was not c o m p le te ly  s u c c e s s fu l.
W hen a tte m p ts  w e re  m ade to  c o n v e rt the re d  h e xa th io cya n a to - 
fe r r a te ( I I I )  o r  the y e llo w  h e x a c h lo ro fe rra te (IIX ) co m p lexes  to  the 
h e x a c y a n a to fe rra te  ( II I)  c o m p le x , o r  w heneve r cyan ide  was added to  
i r o n ( l l l )  n it r a te  o r  i r o n  ( III)  c h lo r id e  s o lu t io n s , an o range s o lu t io n  and 
an o range  p re c ip ita te  w e re  fo rm e d . A queous a n a lyses  o f these  p r e ­
c ip ita te s  w e re  in c o n s is ta n t bu t gave an ave rage  ir o n  to  cyan ide  ra t io  
o f 1:4. H e a tin g  the re a c t io n  m ix tu re  w ith  an excess o f cyan ide  d id  not 
a l te r  the c o m p o s it io n  o f the p re c ip ita te  n o r d id  i t  e ffe c t any change in  
the  s o lu t io n .
O b ta in in g  a s p e c tru m  o f th is  o range  s o lu t io n  o v e r the range  218 
to  2850 777^ was no t a c c o m p lis h e d  even though  the re a c t io n  was a tte m p te d  
a t te n  d if fe re n t  cyan ide  c o n c e n tra t io n s . T h is  was due to  the  unusua l 
n a tu re  o f the su p e rn a te  w h ich  w ou ld  p re c ip ita te  an o range  s o lid  w hen 
any a tte m p t w as m ade to  c o n ce n tra te  o r  to  d ilu te  the s o lu t io n .
In  c o n tra s t to  the above d if f ic u lt ie s ,  the t r a n s it io n  f r o m  h e xa - 
c h lo ro fe r ra te ( I I I )  to  h e x a th io c y a n a to fe rra te ( I I I)  to  h e x a f lu o ro fe r ra te  ( III)
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io n  was a c c o m p lis h e d  w ith  ease. The s tre n g th  o f c o m p le x in g  lig a n d  is
thus  d e m o n s tra te d  to  be F~:=»SCN“ ^ C i “ . When cyan ide  io n  was added
to  h e x a th io c y a n a to fe rra te  ( III)  c o m p le x , the sam e o range  s o lu t io n  and
p re c ip ita te  o c c u rre d . S ince the p re c ip ita te  cou ld  be d is s o lv e d  and the
s o lu t io n  d e c o lo r iz e d  by f lu o r id e  io n , the o rd e r  o f lig a n d  bond s tre n g th
was show n to  be F " >  C N " ^=»SCN” r > C l" .
A  s im i la r  s tu d y  on the c o b a lt d ih a lid e s  was done by  W a r m s e r ^
in  w h ic h  the o rd e r  o f lig a n d  bond s tre n g th  was found to  be CN =— SCN
^ C l" s > - B r -,̂ I ~ .  T h is  o rd e r  was d e te rm in e d  f r o m  the q u a n tity  o f
w a te r  n e c e s s a ry  to  c o n v e rt h a lf  o f the c o b a lt p re s e n t f r o m  the b lue
+2
C 0 X 2 to  the p in k  C oO H ^O )^^  fo rm .
The o rd e r  o f lig a n d  bond s tre n g th  found w ith  the t ra n s it io n  
m e ta ls  in  a c e to n it r i le  is  F J N P ^ = - S C N “ 1 "“^==Br“ ^=17 E v id e n ce  s u p ­
p o r t in g  th is  o rd e r in g  is  found , (1) in  the d is c u s s io n  on page 41 c o n c e rn ­
in g  the c o m p le x in g  s tre n g th s  th a t c h lo r id e , b ro m id e , and io d id e  d is p la y e d  
to w a rd  a lu m in u m  ( I I I) ,  (2) in  the c o m p le x in g  s tre n g th  o f f lu o r id e ,  cya n id e ,
th io c y a n a te  and c h lo r id e  ion s  to w a rd  i r o n ( I I I )  ju s t  d iscu sse d , and (3) in
7 fithe  h a lid e  c o m p le x in g  s tu d y  re p o r te d  by  W a rm s e r .
S e c tion  C - N ic k e l. In  the  n ic k e l s p e c tra , re a c tio n s  (39) th ro u g h  
(46) in  T a b le  V II ,  o n ly  one re a c t io n , (41), shows p re p a ra t io n  o f n ic k e l( IV ) .  
R e a c tio n  (46) o c c u rs  because N H 4 N O 3 is  o n ly  v e ry  s l ig h t ly  so lu b le .
The d i f f ic u l t y  en cou n te re d  in  o x id iz in g  the t r a n s i t io n  m e ta ls  to  
th e ir  h ig h e r  o x id a tio n  s ta te s , excep t co p pe r and i r o n ,  was unexpected .
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The ha logens e ffe c te d  m o s t o f the  o x id a tio n s  d iscu sse d  thus  fa r .  S ince 
the (A c N :X ]+ is  the a c tiv e  o x id iz in g  agent i t  a tta c k s  m e ta ls  re a d ily ,  bu t 
the  ra te  o f o x id a tio n  o f p o s it iv e ly  cha rged  m e ta l ions  is  m uch  s lo w e r.
I t  m a y  be th a t s u f f ic ie n t  t im e  was no t a llo w e d  to  fo rm  an a p p re c ia b le  
q u a n tity  o f n ic k e l( IV ) ,  c h ro m iu m (V I)  o r  c o b a lt ( I I I ) ,  a lth ou g h  a te n - fo ld  
excess  o f o x id iz in g  agent was re f lu x e d  on a s te a m  ba th  w ith  the  reduce d  
fo r m  fo r  p e r io d s  as lon g  as tw o  w eeks.
S e ction  D - C h ro m iu m . R eactions  (47), (48), and (49) s u ff ic e  to  
show  th a t e le c t r o ly t ic  o x id a tio n  d id  not o c c u r. When c h e m ic a l o x id a tio n  
o f c h ro m iu m  (III)  to  c h ro m iu m  (V I) was a tte m p te d , i t  was supposed th a t 
the in s o lu b i l i t y  o f ch ro m a te  com pounds w ou ld  a id  in  i ts  p ro d u c tio n . 
H o w e ve r, no y e llo w  c h ro m iu m  spec ies  w e re  ob ta ined  f r o m  any o f the 
re a c tio n s  lis te d  o r  n u m e ro u s  o th e r re a c tio n s  a tte m p te d  b u t no t l is te d .
I t  shou ld  be noted th a t, a lthough  c h ro m iu m  fo rm s  the g re a te s t 
n u m b e r o f c o lo re d  s o lu t io n s , a tte m p ts  to  a na lyze  the s p e c tra  in  te rm s  
o f the  c o lo rs  w e re  q u ite  u n su cce ss fu l. C h ro m iu m (III)  h a lid e  com p le xe s  
a re  u s u a lly  b ro w n , bu t the c a th o ly te  becam e g re e n  and d id  no t show  the 
sam e new a b s o rp tio n  peaks found  in  the io d id e  re d u c t io n  o f c h ro m iu m ( II I )  
c h lo r id e , w h ich  suggests  th a t a co m p le x  was fo rm e d . O th e r te ch n iq u e s  
m u s t be co m b in e d  w ith  the s p e c tro p h o to m e tr ic  s tu d y  b e fo re  a co m p le te  
u n d e rs ta n d in g  o f the  c h ro m iu m  co m p lexes  can be ob ta ined .
The a tte m p te d  o x id a tio n  o f  c h ro m iu m ( II I )  b ro m id e  (55) by  s o d iu m
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p e ro x id e  p ro du ce d  a b r ig h t  p u rp le  s o lu t io n  in d ic a t iv e  o f the p e ro x y c o m - 
p le xe s  o f the c h ro m iu m ( II I )  ion .
S e ction  E  - M anganese . The s p e c tra  ob ta ined  fo r  m anganese(II) 
com pound show  no a b s o rp tio n  fe a tu re s  in  the range  218 to  2850 
In  re a c t io n  (58) a y e llo w  c o lo r  was noted w h ic h  cou ld  be m anganese(IV ) 
c h lo r id e  a lth ou g h  no com pounds w e re  a v a ila b le  fo r  c o m p a ris o n . In  the 
s u b s e c tio n  "P o la ro g ra p h y ' 1 fo rm a t io n  o f a y e llo w  s o lu t io n  o f M n l^  was 
noted d u r in g  the re d u c t io n  o f p e rm ang ana te  by io d id e . S ince the 
/A c N :B r ]N O g  o x id a tio n  o f m anganese d id  no t p ro du ce  a y e llo w  s o lu t io n  
i t  is  assum ed  th a t M n B rN O g  was fo rm e d .
S ec tion  F  -  C o p p e r. The c o lo rs  o f the c o p p e r( II) , b o th  co m p le xe d  
and u n com p lexed , a re  in te n s e , d is t in c t  and can be used as re d u c t io n  
in d ic a to rs .  C op p e r(I) has no a b s o rp tio n  in  the v is ib le  bu t a g ra d u a lly  
a pp ro a ch ed , fla tte n e d  peak a p pe a rs  in  the u lt r a v io le t .
O x id a tio n  o f co p p e r (I) is  e ffe c te d  by O 2 , X 2 , SO2 , SO3 , Ce+f  and
[ _L O
A g .  R e d u c tio n  o f co p p e r (II) is  e ffe c te d  by Sn and to  a v e ry  s l ig h t  
e x te n t by  I  . E le c t r o ly s is  o f s o lu tio n s  o f co p pe r h a lid e  s a lts  is  e a s ily  
a c c o m p lis h e d , and b y  the use o f the p ro p e r  e le c tro d e s , anhyd rou s  s o lu -  
t io n s  o f  o th e r  m e ta l h a lid e s  can be p re p a re d  .
No co m p le x e s , e xc e p tin g  p o ly h a lid e , w e re  noted fo r  the co p p e r(I) 
and c o p p e r( II)  s o lu t io n s  a lth ou g h  s i lv e r ( I )  does fo r m  h a lid e  com plexes.
S ection  G - T ita h iu m . The s p e c tra  fo r  t i ta n iu m  re a c tio n s  a re  few
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because the  t ita n iu m  sponge used in  the o x id a tio n  s tu d ie s  was coated w ith
TiC>2 ’ The c h e m is t ry  o f t i ta n iu m  in  o rg a n ic  s o lve n ts  has been th o ro u g h ly
1 fiin v e s tig a te d  by F ra n k lin  and S e k le m ia n  who re p o r te d  th a t t i ta n iu m ( I I)  
and t i ta n iu m ( I I I )  h a lid e s  a re  good re d u c in g  agents even though  the  t i t a n ­
iu m  (II) h a lid e s  a re  in s o lu b le .
S ection  H - V a n a d iu m . The VO C ig  p ro du ce d  in  re a c t io n  (74) 
was used as the o x id a n t in  re a c tio n s  (82), (83), (84), (85), (8 6 ), and (87). 
V a n ad iu m (V ) s p e c ie s , la b e led  V O +++, w e re  a ls o  p ro du ce d  in  re a c tio n s  
(75), (76), and (77), bu t th e ir  e xa c t fo rm u la s  a re  no t know n.
The va n a d iu m  s p e c tra  (70) th ro u g h  (81) re c o rd  m o s t o f the  a tte m p ts  
to  b r in g  va n a d y l com pounds in to  s o lu tio n . S ince bo th  B a C l^  and VOSO^ a re  
n e a r ly  in s o lu b le , the re p la c e m e n t re a c tio n , (70), does no t show  any s ig ­
n if ic a n t  f r a c t io n  o f V O C I2  p ro d u ce d  a lthough  the re a c t io n  m ix tu re  was 
re f iu x e d  on a s te a m  b a th  fo r  tw o  w eeks. H o w e ve r, a f te r  the m ix tu re  
s tood  fo u r  m o n th s , a pa le  y e llo w  c o lo r  appeared  in  the f la s k ,  b u t i ts  
s p e c tru m  con ta ined  no s ig n if ic a n t  fe a tu re s .
S ix o x id a tio n  re a c tio n s  w e re  a tte m p te d  to  b r in g  VOSO4  o r  
in to  s o lu t io n . T h re e  o f these  re a c tio n s  p ro du ce d  som e VO +++ f r o m  
VOSO4 , and one re a c t io n , (81), p ro du ce d  a lo w e r -v a le n t  va n a d iu m  
sp e c ie s . O f the tw o  re d u c t io n  re a c tio n s  a tte m p tin g  to  b r in g  va n a d y l 
io n  in to  s o lu t io n , (73) and (7 8 ), o n ly  the io d id e  s o lu t io n  showed change.
The p re se n ce  o f io d in e  and the  absence o f any va n a d iu m  spe c ie s
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in d ic a te  th a t a i r  o x id a tio n  o f io d id e  had o c c u rre d .
The re d u c tio n s  o f V O C l^  s o lu t io n s  g ive  s e v e ra l spe c ie s  o f va n a d iu m , 
fi TRe m y  re p o r ts  th a t va n a d iu m  (II) c h lo r id e s  a re  g re en  and th a t v a n a d iu m - 
dri) c h lo r id e s  a re  peach b lo s s o m  s o lid s  w h ic h  fo rm  g re e n  aqueous s o lu ­
tio n s ; va n a d iu m  (IV ) h a lid e s  a re  b ro w n -re d ; va n a d y l (IV ) h a lid e s  a re  
g re e n  s o lid s  w h ic h  fo r m  b lue  s o lu t io n s . I t  appea rs  u n lik e ly  th a t re a c t io n  
(81), b ro m in e  and va n a d iu m  p e n to x id e , w ou ld  p ro du ce  va n a d iu m (II)  
b ro m id e  (g reen ); hence, i t  m u s t have p ro du ce d  som e V O B ^  (b lue) w ith  
the  unused b ro m in e  (ye How) ca u s in g  the s o lu t io n  to  be g re e n -c o lo re d .
The re a c t io n  be tw een z in c  m e ta l and va n ad iu m (V ) o x y t r ic h lo r id e  gave a 
y e llo w  s o lu t io n . T h is  y e llo w  cou ld  be a z in c ( I I)  co m p le x  o f the type  
re p o r te d  by K o lth o f f  and C o e tz e e ^ .  V a n a d iu m (III)  h a lid e s  do fo rm  
double  s a lts  (p ro b a b ly  in s o lu b le  in  a c e to n it r i le )  w ith  the d iv a le n t m e ta l 
h a lid e s . The s o lu tio n  i s ,  th e re fo re , vo id  o f va n a d iu m  spe c ie s  bu t does 
c o n ta in  the z in c  (II) h a lid e  co m p le x .
R ea c tio n s  (87) and (73) in  w h ich  io d id e  was used as a re d u c in g  
agent have s im i la r  s p e c tra . S ince no va n a d iu m  sp e c ie s  w e re  found in  
s o lu t io n , and s in ce  the s p e c tra  a re  a lm o s t id e n t ic a l to  the io d in e  s p e c tra  
(91), i t  m u s t be assum ed  th a t i f  any re duced  va n a d iu m  sp e c ie s  had been 
fo rm e d  i t  p re c ip ita te d  as a doub le  s a lt.
W hen t in ( I I )  c h lo r id e  s o lu t io n  was added to  an E rle n m e ye p  f la s k
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c o n ta in in g  va n a d y l s u lfa te  a b lu e -c o lo re d  s o lu t io n  and a w h ite  p re c ip ita te  
im m e d ia te ly  fo rm e d . A f te r  s ta n d in g  fo r  a t le a s t th re e  w eeks , the s o lu t io n  
began to  tu rn  g re en . No s p e c tra  a re  lis te d  fo r  e ith e r  s o lu t io n  because 
the  v a n a d iu m (III)  s o lu t io n s  (b lu e ), and the va n a d iu m (II)  s o lu tio n s  (g reen ), 
p re c ip ita te  m o re  t in ( IV )  ox ide  a f te r  co m in g  in to  co n ta c t w ith  a ir .  The 
n e w ly  p re c ip ita te d  ox ide  was c o llo id a l,  and s in ce  i t  coa ted  the in n e r  faces 
o f the s i l ic a  c e lls  used in  the s p e c tro p h o to m e te r, i t  caused e r r a t ic  re s u lts .
P o te n t io m e tr ic  t i t r a t io n s  o f va n a d iu m (IV ) o r  va n ad iu m (V ) c h lo r id e s  
w ith  t in ( I I )  c h lo r id e  m ig h t show  a l l  the  lo w e r  o x id a tio n  s ta te s  o f va nad ium . 
C o m p le x in g  re a c tio n s  o f the lo w e r -v a le n t va n ad iu m  ions  a re  s t i l l  p o o r ly  
u n de rs to o d  and shou ld  be in v e s tig a te d  in  a c e to n it r i le  w h e re  these  re a c tiv e  
sp e c ie s  a re  s ta b iliz e d .
S ection  J  -  H a lo g en s . The concep t o f a p o s it iv e ly  cha rge d  s ta b le  
ha logen  sp e c ie s  was in tro d u c e d  in  P a r t  I I  w hen d is c u s s in g  the  t r ip le  
n a tu re  o f the  ha logen  m o le c u le  in  s o lu t io n . H a logen  s o lu t io n s  w e re  e x ­
a m in e d  s p e c tro p h o to m e tr ic a lly  f r o m  218/wiyuto 1 5 ,  w ith o u t f in d in g  any 
s ig n if ic a n t fe a tu re  th a t re p re s e n ts  the -N :X + s tru c tu re .  The s p e c tra  
n u m be re d  (8 8 ), (89), (90), (91), (92), (93), and (99) o f T a b le  V I I  and 
s p e c tra  (1 ) th ro u g h  (7) in  T a b le  V I I I  a re  p a r t  o f th is  in v e s t ig a tio n .
P opov and s tud en ts  have been co nce rn ed  w ith  the p o s it iv e  h a lo ­
gen sp e c ie s  and have p u b lish e d  fo u r  p a p e r s ^ ’ ^ o n  the s o lu t i l i t y ,
anom a lous  conductance , s p e c tra  and the  re a c tio n s  o f io d in e  and
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p o ly io d id e s  in  a c e to n it r i le .  N o th in g  has been re p o r te d  th a t a llo w s  
id e n t if ic a t io n  o f the p o s it iv e  ha logen  spe c ies  f r o m  its  a b s o rp tio n  
s p e c tra  a lth ou g h  the e le c t r ic a l  m e thods do v e r i f y  i ts  e x is te n ce . 
E nh ancem e n t o f the n i t r i le  fre q u e n c ie s  is  o b se rve d  fo r  ha logen
s o lu tio n s  12, 59 ancj s tro n g ly  re s e m b le  the enhancem ent found fo r
19p ro to n ic  a c id s  d is s o lv e d  in  a c e to n it r i le  . A nd, as m en tione d  b e ­
fo re ,  the  s tu d ie s  o f K ik in d a i^  d e m o n s tra te d  the p re se n ce  o f 
p o s it iv e  ha logens in  s o lu t io n  by io n  exchange re s in s .
E v id en ce  fo r  the s lo w  io n iz a t io n  p ro ce sse s  in  these s o lu tio n s  
is  g ive n  by c o n d u c t iv ity  m e a s u re m e n ts ^ ’ ^ 6  w h ic h  show s teady, bu t 
g ra d u a l, in c re a s e  to  a m a x im u m  in  a tw o -m o n th s 'p e r io d . A fte r  these 
s o lu t io n s  have re a che d  " m a tu r i t y "  tw o  fo rm s  o f  ha logen  can be id e n t i ­
f ie d  c h e m ic a lly  as K ik in d a i^  and th is  re s e a rc h e r  have done. T h is  
can be a c c o m p lis h e d  because o f the  tw o  so lva te d  fo rm s  o f the ha logen 
X +n and X  . W hen an a liq u o t o f m a tu re d  ha logen s o lu t io n  is  p ip e tte d  
in to  a c id if ie d  aqueous s i lv e r  n it ra te  s o lu t io n  a l l  the  ha logen  is  im ­
m e d ia te ly  p re c ip ita te d . I f  the  a liq u o t o f ha logen  s o lu t io n  is  added to  
an a c id if ie d  s i lv e r  n it ra te  s o lu t io n  90 p e rc e n t o r  le ss  o f the to ta l h a lo ­
gen is  im m e d ia te ly  p re c ip ita te d  and the re s t  w i l l  p re c ip ita te  in  an h o u r. 
Indeed, i f  c h lo r in e  o r  b ro m in e  s o lu t io n s  a re  a llo w e d  to  s tand fo r  s e v e ra l 
m onths, c r y s ta l l in e  m a te r ia l  is  p re c ip ita te d  f r o m  the m a tu re d  s o lu t io n s  
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o f the c r y s ta l s t ru c tu re  o f these  p re c ip ita te d  h a lid e s  is  in  p ro g re s s . The 
c r y s ta ls  a re  h y d ro ly z e d  by w a te r  and a re  s lo w ly  a tta cke d  by m o is tu re  in  
the a ir .  No c o n c lu s io n s  a re  a v a ila b le  as to  the n a tu re  o f the c r y s ta l l in e  
m a te r ia l  a t th is  t im e . A  s im i la r  s o lva te  was p re p a re d  f ro m  a SO2 
s o lu tio n .
I t  is  p re s e n t ly  assum ed th a t the p o s it iv e  ha logen, X + , is  so lva te d  
by the fre e  p a ir  o f e le c tro n s  on the n it ro g e n  a to m  in  the a c e to n it r i le  m o le ­
cu le . The fo rm u la  (A e N :X ]+ has been used fo r  l ig h t ly  so lva te d  ha logen(I) 
sp e c ie s  and the fo rm u la  f(A cN :)x X j + fo r  the  m o re  c o m p le te ly  so lva te d  
sp e c ie s . The (A c N :X ]+ is  assum ed  to  be in  s o lu t io n  and the ((A cN :)x x /  + 
is  assum ed to  be in  the  c r y s ta l l in e  m a te r ia l.  S im ila r  com pounds, w he re
the  p ro to n  has gone f r o m  an " o u te r "  to  an " in n e r "  co m p le x  w ith  the s o l-
2 five n t, w e re  o b se rve d  by Janz and D a n y lu k  .
Tw o t ra n s m is s io n  s p e c tra  (95) and (96) in  T ab le  V I I  fo r  the succin iH )- 
id e s  £r  = N  - X^ a re  the c lo s e s t c h e m ic a l ana logues o f the [ R i  N :X ] + 
a v a ila b le . No s im i la r i t ie s  to  the ha logen s o lu t io n s  w e re  found. The 
p o s s ib i l i t y  o f s i lv e r  n it ra te  as an im p u r i ty  p re ve n te d  o b ta in in g  the 
s p e c tra  o f s o lu t io n s  in  the in f r a re d  because o f the chance th a t the  c h a r ­
a c te r is t ic s  o f the so d iu m  c h lo r id e  o p tic s  m ig h t be a ffe c te d .
S e c tio n  K  - P o ly m e rs . In  T ab le  V I I  n ine  o f the la s t te n  s p e c tra  a re  
re fe re n c e  s p e c tra . S p e c tra  (106) in  T a b le  V I I  and s p e c tra  (9), (14), and 
(15) o f T a b le  V I I I  a re  o f p o ly m e rs  fo rm e d  in  a c e to n it r i le .
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P o ly m e r iz a t io n  o f a c e to n it r i le  has been a c c o m p lis h e d  in  s e v e ra l ways., 
bu t the o range  s o lu t io n  found w hen a c e to n it r i le  is  re f lu x e d  o v e r p h o s p h o ric  
a n h y d rid e  is  no t e a s ily  re s o lv e d . In fra re d  s p e c tra  o f the o range  s o lu tio n s  
show  ev idence  fo r  am ine  n itro g e n , se co n d a ry  ca rb o n , t e r t ia r y  ca rb on , 
n it ro g e n -c a rb o n  s in g le  bonds, ca rb o n -p h o s p h o ru s , o xyg e n -h yd ro g e n , and 
o rg a n ic -p h o s p h a te  bonds. T h is  assem blage  o f s tru c tu re s  not o n ly  su p p o rts  
the p o s s ib i l i ty  o f p o ly m e r iz a t io n  bu t a lso  suggests  th a t d e g ra d a tio n  o c c u rre d .
R e a c tio n  (15) in  T a b le  V I I I  shows a s in g le  subs tance , (SCN)X. The 
ra te s  o f the re a c tio n s  p ro d u c in g  th is  p o ly m e r  (ha logen on th io cya n a te  g iv in g  
th iocyanog en ) a re  q u ite  s e n s it iv e  to  te m p e ra tu re  and to  the ha logen , o r  
ha log en(I) n it ra te  used. B rg  + 2SCN" = (SCNJg + 2 B r ” in  about one h o u r.
W ith  c h lo r in e  the re a c t io n  is  co m p le te  in  m in u te s  and w ith  io d in e  the r e ­
a c tio n  re q u ire s  a w eek. The re a c t io n  is  m o re  ra p id  w ith  B rN O g than  w ith  
B r 2 s o lu tio n s  a t ro o m  te m p e ra tu re . A  m o re  d e ta ile d  ra te  s tudy  m ig h t be 
e ffe c t iv e  in  ra t in g  s tre n g th  o f o x id iz in g  agents as m e a su re d  by th is  re a c tio n .
P ro d u c t io n  o f the th io cyan o g e n  p o ly m e r  f r o m  a m m o n iu m  th io cya n a te  
has been s tu d ie d  a t -7 0 °C , by  N u c le a r  M a g n e tic  R esonance because the 
l in e a r  p o ly m e r  a lte rn a t iv e ly  becom es p a ra -  and d ia m a g n e tic  upon the a d d i­
t io n  o f su c c e s s iv e  th io cya n o g e n  u n its . The ra te  o f re a c tio n s  m e a su re d  a t 
- 1 0 ° G  was o f the  o rd e r  o f 1 0 ^ m o le s / l i te r - m in u te  w he re as  the ra te  o f r e ­
a c tio n  o b se rve d  a t 27°C. in  a c e to n it r i le  s o lu t io n  was ro u g h ly  1 m o le / l i t e r -  
h o u r w ith  b ro m in e .
T-971 93
S e ction  L  - ^ E le c t r ic a l  M e thods. O n ly  c o n d u c to m e try , p o te n t io m e try
and v o lta m m e try  w i l l  be d iscu sse d  in  th is  s e c tio n . A m p e ro m e tr ic  and
p o la ro g ra p h ic  t i t r a t io n s  have been used s u c c e s s fu lly  on ra re  o cca s io n s .
C o n d u c t o m e t r y .  The ra te s  o f d is p ro p o r t io n a t io n  o f b ro m in e  (I)
have no t y e t been m e n tion e d . K ik in d a i^ *  ^7 r e p o rte d  t im e s  as g re a t as
s ix  h o u rs  b e fo re  a le v e lin g  e ffe c t fo r  the c o n c e n tra t io n  o f b ro m in e  ( III)  was
o b se rve d . I
A g + + B r + + B r + = B r + ^ + A g B r(s )
The d is p ro p o r t io n a t io n  o c c u rs  be tw een lik e -c h a rg e d , h ig h ly  so lva te d
, i
s p e c ie s , hence, the ra te  o f re a c t io n  shou ld  be s lo w . A n  e s tim a te  o f r e ­
a c tio n  t im e  m e a su re d  d u r in g  a c o n d u c to m e tr ic  t i t r a t io n  showed th a t seven 
seconds w e re  re q u ire d  b e fo re  a co ns ta n t re s is ta n c e  va lue  was re a che d  
fo r  the f i r s t  d ro p  o f 0. 1 M  AgNO g in  excess o f the ca lc u la te d  e ndpo in t, 
and o n e -h iin d re d -fo r ty - tw o  seconds fo r  the te n th  d ro p  a f te r  the c a lc u la te d  
endpo in t. The re s u lts  o f th is  and o th e r c o n d u c to m e tr ic  t i t r a t io n s  done fo r  
th is  s tu d y  a re  l is te d  in  T a b le  IX .
C o n d u c to m e tr ic  t i t r a t io n s  in  aqueous s o lu tio n s  a re  adequa te ly  
s e n s it iv e  to  re d o x , co m p le x in g ,a n d  p re c ip ita t io n  re a c t io n s , bu t in  a c e to n i­
t r i l e  the  re s u lts  ob ta ined  w e re  p o o r. R ea c tio n s  in v o lv in g  p re c ip ita t io n ,
(1), (2), (3), and (4) in  T a b le  IX , gave good e le c t r ic a l  endpo in ts  excep t 
fo r  re a c t io n  (1). The s lo w  d is p o rp o r t io n a t io n  o f b ro m in e  (I) caused the 
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o f b ro m in e  (I) to  o c c u r d u r in g  the co u rse  o f the t i t r a t io n  the am oun t o f 
b ro m id e  found a t the o b se rve d  endpo in t w ou ld  be h igh . The d is p ro p o r ­
t io n a t io n  o f b ro m in e  (I) in  the re v e rs e  t i t r a t io n  w ou ld  no t be as fa r  a d ­
vanced w hen the s to ic h io m e tr ic  endpo in t was re a ch e d , bu t the  o b se rve d  
endpo in t w ou ld  a lso  be in c o r re c t .
A tte m p ts  m ade to  f in d  the re la t iv e  lig a n d  bond s tre n g th s  fo r  the 
h a lid e s  in  the G oX ^“  co m p le x  by c o n d u c to m e tr ic  t i t r a t io n  w e re  u n su c -
7  n
c e s s fu l. W a rm s e r  re p o r te d  the p re sen ce  o f a s l ig h t ly  s ta b le  spe c ies  
CCoCl] + bu t no in d ic a tio n s  w e re  found fo r  th is  sp e c ie s  d u r in g  a co n - 
d u c tp m e tr ic  t i t r a t io n  o r  in  s p e c tra  o f s o lu t io n s  o f th is  s to ic h io m e try .  
T i t r a t io n  o f c o b a lt(II) n it ra te  w ith  so d iu m  io d id e  d id  in d ic a te  th a t C 0 I 2 
was a " m o le c u la r "  sp e c ie s  by  e x h ib it in g  a b ro a d  fla tte n e d  d e p re s s io n  
in  the c o n d u c t iv ity  c u rv e  a roun d  t i i s  s to ic h io m e try .  The c o lo r  changes 
o b se rve d  d u r in g  the a d d it io n  o f s i lv e r  n it ra te  to  te tra h a lo e o b a lta te (X I) 
s o lu t io n s , g re e n  to  b lue  and b lue  to  p in k , a re  not sh a rp  and a re  not 
ce n te re d  about the  s to ic h io m e try  o f the p ro p e r  sp e c ie s . H ence, the 
c o lo r  changes can no t be used as a u to - in d ic a to rs  o f the changes in  f o r ­
m u la s  o f the  co b a lt sp e c ie s .
R ea c tio n s  (3), (6 ), and (9) in  T a b le  IX  w e re  s tu d ie d  w hen the 
a s s u m p tio n  w as s t i l l  h e ld  th a t fo rm a t io n  o f a g re e n  s o lu t io n , upon a d d i­
t io n  o f the o x id a n t, in d ic a te d  t r a n s it io n  f r o m  co b a lt (II) to  c o b a lt ( II I) .  
H o w e ve r, the  t i t r a t io n  d a ta , as the  s p e c tra l da ta , showed no in d ic a t io n
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th a t c o b a lt( I I I)  had been fo rm e d  (see s e c tio n  "c o b a lt" ) .
P o t e n t i o m e t r y .  The p o te n t io m e tr ic  t i t r a t io n s  lis te d  in  
T a b le  X  a re  re s u lts  o f w o rk  done b y  H a il and L u e h rs  as p a r t  o f a r e ­
s e a rc h  p ro je c t  sp o nso red  by  the  N a tio n a l Science F o un da tion . The 
re s u lts  o f these  t i t r a t io n s  ag ree  w ith  the c o n d u c to m e tr ic  and p o la ro -  
g ra p h ic  s tu d ie s  a lre a d y  d iscu sse d  and a re  lis te d  in  the  in te re s t  o f 
co m p le te n e ss .
R e a c tio n s  (5), (6 ), and (8 ) in  T a b le  X  a re  im p o r ta n t because they  
show ev idence  fo r  in te rm e d ia te  o x id a tio n  s ta te s  o f m anganese. The 
y e llo w -c o lo re d  s o lu t io n  p ro d u c te d  in  re a c t io n  ( 1 1) in d ic a te s  c o p p e r(II) h a l­
id e s  w e re  fo rm e d . S ince the re a c t io n  m ix tu re  was b e in g  s t i r r e d  to  suspend 
the co p p e r p o w d e r th e re  is  e x c e lle n t o p p o r tu n ity  fo r  a i r  o x id a tio n  o f co p pe r (I) 
io d id e  to  be o x id iz e d  to  c o p p e r(II) io d id e  as w e ll as io d id e  to  be o x id iz e d  to  
io d in e . The re s u lt in g  s o lu t io n  in  re a c t io n  (18) w ou ld  be y e llo w  to  b ro w n  i f  
co p p e r( II)  io n  was p ro d u ce d , in  the p re sen ce  o f s u f f ic ie n t  h a lid e  io n . H o w ­
e v e r , a g re e n  c o lo r  is  o b se rve d  because y e llo w  c o p p e r(II) h a lid e  and b lue  
c o p p e r( II)  io n  a re  b o th  fo rm e d  in d ic a t in g  th a t m e rc u ry ( I I )  io n  has a g re a te r  
a f f in i ty  fo r  h a lid e  ion s  fo rm in g  H g X ^ “  a t the expense o f the  C uX 2 * I f  the 
d is c u s s io n  o f the  ra te s  o f d is p ro p o r t io n a t io n  in  the s u b -s e c t io n  on condu c­
t i v i t y  is  re c a lle d , i t  seem s re a so n a b le  th a t the  e le c t r ic a l  and the s to ic h io ­
m e t r ic  endpo in ts  w ou ld  have ag ree d  m o re  c lo s e ly  i f  the  t i t r a n t  had been 
added m o re  ra p id ly  and oxygen  had not been p re s e n t to  take  the fre e  io d id e  
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P o te n t io m e tr ic  and a m p e ro m e tr ic  t i t r a t io n s  have been used to
d e m o n s tra te  th a t e m p ir ic a l a c id ity  sca les  can be deve loped  fo r  a c e to n i-
1 3t r i l e .  The re s u lts  o f C oetzee and K o lth o f f  and o f van  d e r  H e ijd e  and 
73
D ahem  a re  c o lle c te d  in  T a b le  X I. T h e ir  e le c t r ic a l  da ta  were checked
v is u a l ly  w ith  a p p ro p r ia te  a c id -b a s e  in d ic a to rs . C o n d u c tiv ity  m e a s u re -  
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m en ts  * , have a lso  p ro v e d  s u c c e s s fu l on n e u tra liz a t io n  re a c tio n s .
7 3The m ethod  o f van  d e r  H e ijd e  and D ahem  u t i l iz e s  g la ss  and c a lo m e l
e le c tro d e s  in  a s ta n d a rd  B e ckm a n  pH  m e te r  and is  m o re  s e n s it iv e  than
the m ethod  o f C oetzee and K o lth o f f  w h ich  cou ld  o n ly  m e a su re  the f i r s t
73io n iz a t io n  o f s u lfu r ic  ac id , w he rea s  van  d e r H e ijd e  and D ahem  m e a s -
13u re d  bo th  p ro to n s . C oetzee and K o lth o f f  re p o r t  th re e  e m p ir ic a l 
fo rm u la s  th a t can be used to  e s tim a te  the p K  va lu e  fo r  som e a c id s  in  
a c e to n it r i le  i f  th e ir  p K 's  a re  know n in  aqueous s o lu tio n .
V o l t a m m e t r y .  P o la ro g ra p h y  (d iscussed  in  P a r t  II) and 
v o lta m m e try  a re  c lo s e ly  re la te d  te ch n iq u e s . In  p o la ro g ra p h y  a d ro p p in g  
m e rc u ry  e le c tro d e  is  used, w he re a s  in  v o lta m m e try ,  r a p id ly  ro ta t in g  
nob le  m e ta l e le c tro d e s  a re  re q u ire d . B o th  m ethods a re  based on the 
c h a ra c te r is t ic  w aves p ro d u ce d  as the  vo lta g e  is  d e c rea se d  o r  in c re a s e d  
u n ifo rm ly .  V o lta m m e try  can go to  h ig h e r o x id iz in g  and re d u c in g  p o te n ­
t ia ls  because i ts  e le c tro d e s  a re  m o re  in e r t  than  the m e rc u ry  e le c tro d e  
used in  p o la ro g ra p h y . The s i lv e r / s i l v e r  n it ra te  (0. 01 M) e le c tro d e  is  
co m m o n ly  used in  a v o lta m m e try  a s s e m b ly  w h ile  the s a tu ra te d  c a lo m e l
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e le c tro d e  is  u s u a lly  used in  a p o la ro g ra p h ic  ap p a ra tu s .
B o th  m e thods re q u ire  an a ssu m p tio n  o f the e qua tion  w h ich  re p re s e n ts
(R 7the w ave p ro du ce d  d u r in g  a m e a su re m e n t. S ch m id t suggested  th a t ions
I I c
such  as W and Sb a re  p re s e n t in  p e rc h lo ra te  s o lu t io n s . W ith  v o lta m ­
m e try  the  m e a su re m e n ts  on an io n  can be o f i ts  o x id a tio n  o r  o f i t s  re d u c ­
t io n  p o te n tia l.  W hen the o x id a tio n  and re d u c t io n  p o te n tia ls  a re  the sam e the 
re a c t io n  o c c u rs  re v e rs ib ly .  I f  the  m e a su re d  p o te n tia ls  a re  no t the same, 
the  re a c t io n  does not p ro cee d  re v e rs ib ly .  S ince the a c t iv it ie s  o f the ions  
in  a c e to n it r i le  a re  needed b e fo re  an E °  can be c a lc u la te d  fo r  a re a c tio n , 
th is  m ethod  does no t g ive  va lu e s  th a t can be d ir e c t ly  c o n ve rte d  in to  h a lf  
c e l l  E ° 's .  H o w e ve r, a p p ro x im a te  E ° 's  can be c a lc u la te d  f r o m  e m p ir ic a l 
e qua tions .
V o lta m m e try  ap pea rs  to  be a v e ry  p ro m is in g  a n a ly t ic a l tech n iq ue
because i t  show s a g re a t s e n s it iv i ty  to w a rd  id e n t if ic a t io n  and p ro d u c tio n
o f s m a ll q u a n tit ie s  o f ions  w ith  unusua l o x id a tio n  s ta te s .
P opov and G e s k e ^»  ^2 have d e m o n s tra te d  i ts  use on b ro m in e ,
io d in e , and in te rh a lo g e n  s o lu t io n s  in  a c e to n it r i le .  A lth o u g h  these  s tu d ie s  
50 52* a p pe a r q u ite  com p le te , no p o te n tia ls  (o r re a c tio n s ) a re  p o s tu la te d  
fo r  the ha lo gen(I) spe c ie s  even though  P opov has re p o r te d  io d in e  (I) in  
h is  o th e r  s t u d ie s ^ ’ ^
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T A B L E  X I
STR EN G TH S O F  A C ID S  A N D  BASES IN  A C E T O N IT R IL E
1 ^  7 3
A c id _________  C & K  ( in v . )  v . d. H & D  (In m v .)
H C iQ 4 0. 70
H B r 0. 90
2 -5  -d ic h lo ro a r iil ir i iu m  io n 1 . 0 0
H C l 1 . 06
p - to iu e n e s u lfo n ic 1 . 2 0 510
H 2 S 0 4 -I 1 . 2 0 505
p y r id in iu m  io n 270
2 -5 -d ie th y la n i i in iu m  io n 1 .43
f lu o ro v a le r jc 1. 5
e thy  le n e d ia m in e  - I I 140
o x a lic 1. 55
h 3 p o 4 ~i 1. 75
b e nzo ic 2 . 1
a c e tic 2. 3
N H 3 as N H 4SCN 005
n -b u ty la m in e -075
i ^ s o 4  - I I -085
p ip e r id in e -085
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________________ A c id______________ C & K (in  v . )  v . d. H & D ( in  m v .)
e th y le n e d ia m in e - I - 1 2 0
th io p h e n o l -175
H 2S -200
n it ro m e  thane -600
T-971
S U M M A R Y
The s o lu b i l i ty  da ta  in  T a b le  I, the d is p la c e m e n t s e r ie s  in  T a b le  IV , 
and the a n a ly t ic a l te ch n iq u e s  d iscu sse d  in  P a r t  I I I ,  fo rm  a f i r m  b a s is  fo r  
u n d e rs ta n d in g  in o rg a n ic  re a c tio n s  in  a c e to n it r i le .
The e ffe c ts  th a t k in e t ic s  has on c h e m ic a l e q u il ib ra  in  a c e to n it r i le  
a re  f i r s t  noted in  the d is c u s s io n  o f the s o lu b i l i ty  ru le s  (p. 34 f£) and o f the  
c o n d u c t iv ity  ru le s  (p. 3 9f£) o f P a r t  I. In  P a r t  I I  the  e ffe c ts  o f k in e t ic s  on 
o x id a tio n  and re d u c t io n  re a c tio n s  a re  d iscu sse d  in  d e ta il w h ile  e s ta b lis h ­
in g  the e le c tro c h e m ic a l d is p la c e m e n t s e r ie s . The e le c t r ic a l  and s p e c tra l 
a n a ly t ic a l m e thods a lso  c o n ta in  exa m p le s  o f re a c tio n s  th a t have s ig n i f i ­
c a n tly  d if fe re n t  k in e t ic s  when m e a su re d  in  a c e to n it r i le  than  when 
m e a su re d  in  w a te r .
W h ile  the  a n a ly t ic a l te ch n iq u e s  needed to  re p la c e  the a n a ly t ic a l 
m e thods u s u a lly  a v a ila b le  w e re  b e in g  eva lu a te d , unusua l o x ich tio n  s ta te s  
w e re  no ted  fo r  s e v e ra l m e ta l io n s . The d if f ic u lt ie s  e n coun te re d  by  re ly in g  
m a in ly  on s p e c tra  to  a n a lyze  re a c t io n  m ix tu re s  a re  a m p ly  d e m o n s tra te d  in  
s e v e ra l o f the  c o m p le x in g  re a c tio n s  th a t re m a in  in c o m p le te ly  u n d e rs to o d .
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A c e to n it r i le  is  a u s e fu l s o lv e n t fo r  p o la ro g ra p h ic  and p o te n tio -  
m e t r ic  m e a s u re m e n ts , a lth ou g h  c o n d u c tiv ity  m e a su re m e n ts  a re  no t 
a lw a ys  found to  be as s u c c e s s fu l. The in e r tn e s s  o f a c e to n it r i le  to  
o x id a tio n , re d u c t io n , p ro to n  a b s tra c t io n , and p o ly m e r iz a t io n , as w e ll 
as i ts  fre e d o m  f r o m  s o lv o ly t ic  re a c tio n s  and io n iz a t io n  o r  a s s o c ia tio n , 
a re  e s p e c ia lly  va lu a b le  p ro p e r t ie s .
T-971
SUGGESTIONS
fi R1. The m ethod  o f S ch m id t , a techn iq u e  fo r  p re p a r in g  anhyd rous  s a lts , 
cou ld  be used to  p re p a re  com pounds fo r  a d d it io n a l p o la ro g ra p h ic  
s tu d ie s  and a lso  to  c o m p ile  a m o re  co m p le te  d is p la c e m e n t s e r ie s .
2. P o te n t io m e tr ic  and v o lta m m e tr ic  t i t r a t io n s  cou ld  be used to  p re p a re  
l im ite d  q u a n tit ie s  o f m e ta l ions  w ith  u n fa m il ia r  o x id a tio n  s ta te s  w h ich  
a re  s ta b iliz e d  in  a c e to n it r i le .
3. C o m p le x in g  re a c t io n s , and the  co m p lexes  fo rm e d , a re  no t a lw ays  
the ones expected  f r o m  a know ledge  o f aqueous c h e m is t ry  and th e re ­
fo re  re q u ire  fu r th e r  in v e s t ig a tio n .
4. The ra te  o f fo rm a t io n  o f th io cya n o g e n  p o ly m e r  is  dependent upon the 
o x id iz in g  agent used; th is  m ay be u s e fu l in  d e ve lo p m en t o f a d is p la c e ­
m en t s e r ie s .
5. "W e t”  a n a lyse s  shou ld  be deve loped  fo r  a c e to n it r i le .
6 . V o lta m m e try ,  as an a n a ly t ic a l te ch n iq u e , re q u ire s  fu r th e r  in v e s t ig a t io n  
because: (1 ) i t  is  a s e n s it iv e  in d ic a to r  fo r  unusua l o x id a tio n  s ta te s ,
(2 ) i t  can ra p id ly  e s ta b lis h  w h e th e r o r  not a re a c t io n  p ro cee d s
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r e v e rs ib ly ,  and (3) the  m e a su re d  vo lta g e s  m ay be re la te d  to  E 0 ,s 
o f h a lf - c e l ls  by  an e m p ir ic a l equa tion .
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